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Abstract 


Experimental investigations were carried out to achieve passive control of the mixing and noise 
characteristics in slot jets via exit geometry modifications in both circular and elliptic slots. 
All the slots, i.e., plain and notched/modified, were of equal area which was equal to the area 
of the circular slot of 10 mm diameter and hence, the equivalent diameter of the non-circular 
slots was 10 mm. The modifications are in the form of notches with and without sharp corners 
placed normal to the jet axis. Two notches are symmetrically placed along a diameter for circle 
and along the minor-axis side of ellipse. Each notch conforms to 5 percent of the equivalent 
slot area. Further, the effect of three configurations of the notch, namely, triangular, square 
and semi-circulax were investigated. The study relies on mean fiow and noise characteristics. 
Three elliptic slots of aspect-ratio 2:1, 3:1 and 4:1 were studied in the present investigation. 
Jets from all the modified geometries were experimentally analysed and compared with an 
equivalent plain slot jet. 

The mean fiow study was carried out for two conditions: (i) correctly expanded jets, with 
sonic velocity at nozzle exit and, (ii) underexpanded sonic jets at Po/Pa of 2.835 and 3.86, 
corresponding to fully expanded Mach numbers Mj of 1.0 and 1.5. The Reynolds number 
based on the equivalent diameter and the equivalent exit velocity (based on Mj) for the two 
conditions ranged from 2.36 x 10® to 3.54x 10®. The noise measurements were carried out for 
fully expanded Mach number Mj ranging from 1.0 to 2.0. The investigations relied on spectral 
analysis, radial and azimuthal sound measurements. 

The effect of notch presence in a slot geometry with uniform azimuthal curvature variation, 
i.e., circle, is investigated first. A direct comparison of the results from modified circular slot 
jets is made with an eqmvalent plain circular jet. The presence of notch makes the circular slot 
slightly non-circular (with slight aspect-ratio) thereby inducing axis-switching phenomena in the 
jet fields from the modified slots. This causes the cut-out jet to spread more in the unmodified 
plane. As such all the notched/modified circular jets show enha n ced mixing characteristics 
relative to the plain circular slot jet, with higher entrainment(i.e., bulk mixing) and faster 
centreline decay. At underexpanded conditions, the notched/modified circular slots exhibit 
slightly weakened cell structure. Screech tones are observed to get reduced by 3-5 dB. Overall 
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sound pressure levels axe observed to get reduced both in radial and aaimuthal directions. A 
comparison of the notch configurations indicates that the triangular notch is the best for screech 
tone reduction whereas square seems to be the best for the reduction of shock associated noise. 

Experiments were carried out to study the changes introduced by the presence of the notch 
in an exit geometry with non-uniform, smooth azimuthal curvature variation, i.e., ellipse with 
aspect-ratio 2:1. The study relies, once again, on mean flow and noise characteristics of plain 
and modified elliptic slot jets. The presence of the notch in the minor-axis plane greatly 
influences the jet growth in that plane. The pressure relieving effect of notches increases 
the spread in the notched plane relative to plain ellipse. This cause the notched/modified 
ellipse to switch axis earher. As a result, the notched /modified elliptic jets show higher 
mixing characteristics as shown by higher entrainment(i.e., bulk mixing) and shorter core- 
lengths and faster jet decay. Triangular notch shows the best mixing characteristics of all 
the notch configurations. When operated at underexpanded conditions, the modified ellipse 
with sharp cornered notches indicate significantly weakened shock structure. This plays a vital 
role in the far field noise reduction of these jets. Square notch shows a drastic reduction in 
screech tone and shock associated noise. In azimuthal directivity, major-axis side of the plain 
ellipse is observed to radiate noise significantly lower than that along minor-axis side. Notches 
drastically bring down the noise radiated along major-axis ends. Square notch seems to be the 
best configuration for overall shock noise reduction. 

An extention of the experiments on 2:1 ellipse were carried out to investigate the effect 
of aspect-ratio with and without notch presence. The aspect-ratios ranged from 2:1 to 4:1. 
For plain cases, 3:1 jet shows better jet characteristics than 2:1 and 4:1 jets. The use of 
sharp cornered notch seems to have a greater influence on 2:1 and 3:1 jets with triangular 
notch favouring 2:1 ellipse and square notch favouring 3:1 case. However, for higher aspect- 
ratio, i.e., 4:1, absence of sharp comers in a notch, i.e., semi-circular, seems to be favourable. 
The presence of the notch significantly weakens the shock structmre in all aspect-ratios with 4:1 
notched/modified ellipse showing the weakest shocks. Triangular notch brings down the screech 
tones in all aspect-ratios significantly and seems to be the best for far field noise reduction in 
3:1 and 4:1 elliptic jets. The minor-axis side of the 3:1 and 4:1 plain jets shows a reversal in 
noise trend relative to 2:1 jet. Shock associated noise increases significantly along minor-axis 
side with aspect-ratio with a simultaneous reduction along major-axis side due to Mach disk 
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emergence in these aspect-ratio jets. Notches drastically bring down the noise along minor axis 
ends of 3:1 and 4:1 jets but influences only sUghtly along major-axis ends. However, for 2:1 
jet, notches influence noise levels signiflcantly along major-axis side. 
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Synopsis 


Introduction 

Research in the field of jets primarily stemmed from two important considerations, namely, 
(1) to gain an insight into the jet flow field/structure in order to have an understanding of the 
physics governing the mixing process and (2) to control these mixing process for the purpose 
of enhanced mixing and noise reduction. Understanding the physics governing the mixing 
processes associated with mixing enhancement and noise generation and reduction is crucial 
to the success of many applications. Control may be defined as the ability to actively or 
passively modify the development of the mixing processes by directing the available jet energy 
into selected turbulent scales. Active controls employ external forcing or energy external to the 
energy of the jet to modify its development and mixing characteristics, e.g., acoustic forcing, 
suction and blowing etc. Passive controls, on the other hand, use the existing energy to achieve 
control by special circumstances, e.g., boundary conditions, feedback loops, assonmetry of the 
jet evolving geometry etc. The most commonly employed passive control is the use of non- 
circular exit geometries (three dimensional jets)[l, 2, 3, 4, 5, 6], tripping of the boundary layer 
by using tabs and notches(axial vorticity)[7, 8] and shock shear layer interaction[9]. 

Mixing is governed primarily by streamwise and cross-stream large-scale vortices [10]. It be- 
comes a matter of primary concern when the jets evolving are in high compressible range where 
the large-scale structures result in reduced entrainment and hence lower gross mixing[ll]. In 
contrast, streamwise vortices seem to be much less affected by compressibility[12, 13]. In under- 
expanded jets, streamwise vortices are generated without any external device or force[14, 15]. 
Further, the interaction of large-scale structures with the periodic shock cell structure results 
in the generation of broadband shock associated noise. Noise generated by this mechanism 
can propagate upstream and excite the initial shear layer which in turn can enhance mixing. 
Screech, which is a pure tone noise, is generated when this feedback loop is created. Overall, 
the modifications that affect the mixing process of jet will also affect the noise generation and 
vice-versa[10]. The complexities involved in the shock shear layer interaction make theoretical 
studies on underexpanded jet flow field very difficult. Hence, for proper understanding of such 
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flows fields an experimental investigation was carried out on sonic and underexpanded jets in 
the present study. The studies are primarily aimed at observing the changes introduced in 
mixing and noise characteristics with notch presence in both circulau: and elliptic slot jets. 

Flows from modified axisymmetric nozzles have been studied by Pannu and Johannesen[8], 
Norum[16], Wlezien and Kibens[17] and Krothapalli et o/[18] in supersonic jets and by Longmire 
et ol[19] in subsonic jets. The pressure relieving effect of these notches/fingers have been 
observed to weaken the downstream shock development considerably. All these researchers 
report enhanced mixing and reduced screech and overall sound pressure levels. A part of 
the present study focuses on modified circular slot jets. The modifications are in the form 
of notches placed along a diameter of circle. Slots have been used since the effect of notch 
geometry is to be investigated. For this, as pointed out by Hussain and Husain[l], the initial 
fiow conditions must remain the same. Since slots have negligible boundary layer growth in 
them, jets issuing from slots are preferred. Notch presence in an otherwise circular slot induces 
slight aspect-ratio in the modified slot and hence, are expected to behave like non-circular jets. 
This may be expected to enhance mixing and noise characteristics in modified circular slots. 

Another way of passive control is the use of non-circular exit geometries. These jets bring 
about axial distortions in the development of the jet. Small aspect-ratio(2:l) elliptic jets have 
been found to have higher entrainment characteristics than plain axisymmetric jets [20]. Tech- 
niques that can accentuate the asymmetry of these vortices axe expected to promote entrain- 
ment. The second part of the thesis focuses on this aspect. Notches axe introduced along the 
minor-axis sides of 2:1 ellipse to further enhance mixing in that plane. The resulting modi- 
fied elliptic slot is expected to significantly alter the evolution and deformation of the vortex 
structures. At underexpanded conditions, this may significantly alter the noise mechanism in 
modified ellipse and hence help reduce the shock associated noise. 

The last part of the thesis deals with investigating the eff'ect of aspect-ratio on the mixing 
and noise characteristics of elliptic slots. The study is an extension of the study on small 
aspect-ratio elliptic slots to 3:1 and moderate aspect-ratios 4:1. Further, the efl['ect of notch 
presence in each aspect-ratio is also studied. 

Effect of Notch and Notch Geometry on the Mixing and Noise Characteristics of 
Free Jets from Circular Slots: The effect of notch presence in a slot geometry with unifor^ 
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azimuthal curvature variation, i.e., circle, is investigated first. A direct comparison of the res- 
ults from modified circular slot jets is made with an equivalent plain circular jet. The presence 
of notch malces the circular slot slightly non-circular(with slight aspect-ratio) thereby inducing 
axis-switching phenomena in modified circular slots. This causes the notched/modified jet to 
spread more in the unmodified plane. As such all the notched/modified circular jets show en- 
hanced mixing characteristics relative to the plain circular slot jet, with higher entrainment(i.e., 
bulk mixing) and faster centreline decay. At underexpanded conditions, the notched/modified 
circular slots exhibit slightly weakened cell structure. Screech tones are observed to get re- 
duced by 3-5dB. Overall sound pressure level axe observed to get reduced both in radial and 
azimuthal directions. A comparison of the notch configurations indicate triangular notch the 
best for screech tone reduction whereas square notch seems to be the best for reduction of 
shock associated noise. 

Effect of Notch and Notch Geometry on the Mixing and Noise Characteristics Free 
Jets from 2:1 Elliptic Slots: Calculations were carried out to study the changes introduced 
by notch presence in an exit geometry with non-uniform, smooth azimuthal curvature variation, 
i.e., ellipse with aspect-ratio 2:1. The study relies, once again, on mean flow and noise charac- 
teristics of plain and modified elliptic slots. The notch presence in the minor-axis plane greatly 
influences the jet growth in that plane. The pressure relieving effect of notches increases the 
spread in the notched plane relative to plain ellipse. This causes the notched/modified ellipse to 
switch axis earlier. As a result, the notched /modified elliptic jets show higher mixing charac- 
teristics as shown by higher entrainment(i.e., bulk mixing) and shorter core-lengths and faster 
jet decay. Triangular notch shows the best mixing characteristics of all notch configurations. 
When operated at underexpanded conditions, the modified ellipse with sharp cornered notches 
indicate significantly weakened shock structure. This plays a vital role in the far field noise 
reduction of these jets. Triangular notch shows drastic reduction in screech tone and square 
notch in broadband shock associated noise. In azimuthal directivity, major-axis side of plain 
ellipse is observed to radiate noise significantly lower than minor-axis side. Notches drastically 
bring down the noise radiated along major-axis ends. Square notch seems to be the best for 
overall shock noise reduction. 
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Effect of Notch Geometry and Aspect-ratio on the Mixing and Noise Character- 
istics of Elliptic Slot Jets: An extension of the experiments on 2:1 ellipse were carried 
out to investigate the effect of aspect-ratio with and without notch presence. The aspect-ratio 
ranged from 2:1 to 4:1. For plain cases, 2:1 jet shows better jet characteristics than 3:1 and 
4:1 jets. The use of sharp cornered notch seems to have a greater influence on 2:1 and 3:1 jets 
with triangular notch favouring 2:1 ellipse and square notch favouring 3:1 case. However, for 
higher aspect-ratio, i.e., 4:1, absence of sharp corners in a notch, i.e., semi-circular, seems to be 
favourable. The notch presence significantly weakened the shock structure in all aspect-ratios 
with 4:1 notched/modified ellipse showing the wealcest shocks. Triangular notch brings down 
the screech tones in all aspect-ratios significantly and seems to be the best for far field noise 
reduction in 3:1 and 4:1 elliptic jets. The minor-axis side of the 3:1 and 4:1 plain jets shows a 
reversal in noise trend relative to 2:1 jet. Shock associated noise increases significantly along 
minor-axis side with aspect-ratio with a simultaneous reduction along major-axis side due to 
Mach disk emergence in these aspect-ratio jets. Notches drastically bring down the noise along 
minor axis ends of 3:1 and 4:1 jets but influence only slightly along major-axis ends. However, 
for 2:1 jet, notches influence noise levels significantly along major-axis side. 
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N omenclature 


De equivalent diameter of plain and notched slots 
f predicted frequency of screech tone 
Lo semi-major axis length of plain elliptic slot 
Lavg measured average shock-cell length 
m local mass-flux 

mg mass-flux at the slot exit 

M local Mach number 

Mach number obtained by correctly expajiding an underexpanded jet 
OASPL overall sound pressure level 
Pa atmospheric pressure 

Pg pressure at slot exit 

Po settling chamber pressure(gauge) 

Pt pitot pressure in subsonic flow conditions 

Pt 2 stagnation pressure behind the standing bow shock in front of the pitot tube 
<f> azimuthal angular variation 

9 polar angle 

St predicted Strouhal number of screech tone 

U local flow velocity 

Ug local centreline velocity 

X co-ordinate along jet axis 

Y transverse co-ordinate parallel to notched plane(shown in Fig. 3.4) 

Z co-ordinate parallel to the unnotched plane(shown in Fig. 3.4) 

ro .5 half-width along Y and Z-directions 
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Chapter 1 

Introduction 


1.1 Applications of Jets 

Research in the field of jets in order to gain insight of the flowfield/structure has been the 
focus of study to experimentalists since 1940’s. Jets find a wide range of applications both 
in industry and domestic life and its use in the modern world with improved technology, they 
have become very vital in certain fields. 

In industry, jets find widespread applications in high-speed metal cutting procedures, air- 
conditioning systems,... etc. However, their most significant application, requiring control of 
mixing, is in the field of Aerospace Technology where they form an important part of the exhaust 
system of aircraft propulsion units, in powered lift producing devices during the hovering phase 
of tilt-rotor aircraft, V/STOL or during any high angle of attack operation, etc. In mixing 
devices such as combustion chambers, chemical reactors etc., they axe required to enhance the 
mixing between reactants at molecular level, a condition necessary for an eflScient chemical 
reaction. At macro levels, however, they are required to sustain combustion processes. In 
reacting flows, flame stability and heat release axe closely related to the interaction between 
fluid dynamics and combustion[21]. 

Frequently the jet geometry is dictated by the nature of application. In most cases, the 
designer wishes to use a configuration that ensures rapid mixing of the jet flow from the nozzle 
with the surrounding fluid. The various technical applications of supersonic jets can be outlined 
as: 
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• Supersonic Combustion and Noise Suppression 

With the increasing interest in the oncoming Supersonic Transport (SST) projects and 
renewed interest in the Supersonic Combustion Research(SCRAMJET development pro- 
gram), the study of the jet characteristics and its related problems have received con- 
siderable attention and enthusiasm. These two projects, in which supersonic mixing is 
important, face two major challenges: firstly, reducing the supersonic jet noise in the 
SST or HSCT(High Speed Civil Transport) aircraft, and secondly, designing an effi- 
cient propulsion system for the hypersonic air breathing engine. In SCRAM JETS, re- 
quired for the hypersonic aircraft, heat is added to the oncoming airstream by means 
of either fuel-rich products or direct fuel injection, which results in simultaneous mixing 
and burning[22]. While supersonic shear flows have inherent low mixing rates, due to 
increasing compressibility effects[23, 24] requiring a long distance for complete mixing, 
a drag consideration at high speed makes a shorter combustor length desirable, thereby 
affecting the performance of the entire vehicle system[22]. 

• Ejectors 

Ejectors find application in thrust augmentation devices and/or noise suppression devices 
for aircraft applications. 

• Thrust Vector Control 

• Stealth Capabilities 

With the air-to-air warfare becoming more complicated with the induction of sophisticated 
weaponry and radar systems, the aircraft designer, these days is also concerned about 
the stealth capabilities of modem fighter aircraft. As such they are more inclined towards 
the use of complex nozzle geometries such as a wide, thin nozzle rather than a circular 
one[25]. These nozzles generally provide a reduced radar signature as well as a much 
reduced infirared{IR) signature[26] which is of prime importance since most of the short 
range air-to-air and ground-to-air missiles rely upon inffared(IR) sensors. The best 
way, therefore, is to reduce the infrared signature/detectability by cooling the engine 
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e''iiaust temperatures through a shortest distance possible[25]. This, in turn, requires 
rapid mixing of hot gases with the ambient air through improved nozzle design and 
by employing mixing techniques at nozzle exit [25]. This also helps to reduce far-field 
noise[26]. 

• Metal Deposition 

To produce fine powders of reactive metals such as Aluminium, Magnesium, and Titanium 
with uniform size, a supersonic coaxial jet of inert gas can be discharged over a laminar 
center jet containing molten metal resulting in atomization of metal. 

Means should, thus, be explored to achieve fast mixing and as such the underlying process 
of supersonic mixing must be well understood and carefully controlled. The most challenging 
task till date remains the suppression of noise of a supersonic/underexpanded jet. However, 
in addition to noise reduction other characteristics like minimal thrust loss and higher mixing 
rates should be maintained. Before discussing the various problems of mixing enhancement and 
jet noise both in subsonic and supersonic regimes , it is essential to have a brief understanding 
of the structure of jet which plays a dominant role in the mixing and noise mechanism of both 
subsonic and supersonic/underexpauded jets. 


1.2 The Development and Structure of a Free Jet 

A free jet may be described[27] as a free shear-layer which on exiting from the nozzle spreads 
in such a fashion that the ratio X/d at any x-location remains constant, where ‘X’ is any axial 
location and ‘d’ the local diameter of the jet. The free shear-layer is driven by momentum 
introduced at the nozzle exit [28]. Immediately on exiting the nozzle the outer shear-layer tends 
to roll-up due to initial instabilities and then breakdown to form vortices. These vortices 
carry irrotational ambient fluid into the jet and thereby induce mixing at macro-level(bulk- 
mixing) by wrapping the ambient fluid about themselves. As a result there occurs an exchange 
of momentum between the jet fluid and the ambient irrotational fluid as the jet propagates 
downstream. As such, the vortices grow in size as they move downstream and hence, the jet 
spreads sideways with the thickening of the mixing region. At some distance from the nozzle exit 
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Jet Boundary 



Figure 1.1 Schematic of an incompressible jet regions 


plane, the mixing region is wide enough to penetrate the centreline of the jet. Up to this point, 
the centreline velocity is unaffected by the mixing and remains equal to the jet exit-velocity. 
Thus, the zone boimded by the two mixing regions where no mean velocity gradients exist is 
called the Potential Core. A more precise definition of the potential core-region has been given 
by Sforza et o/[29] as the region in which the mixing initiated at the jet boundaries has not yet 
penetrated the entire flowfield, thus leaving a region that is characterized by a constant , axis 

a 

velocity close to the jet exit velocity. A schematic diagram of the structure of the free jet as it 
grows downstream is shown in Figure 1.1. 

The length of the potential core has been found[29] to vary with nozzle exit geometry 
because the formation of this region is influenced by the lateral extent of mixing originat- 
ing at the boundaries of the nozzle. Immediately downstream of the potential core-region is 
the Transition[27]/Characteristic[29] decay region. In this region the mixing initiated to the 
centreline velocity is completed so as to result m a smooth velocity-profile with a drastic decay 
in the centreline velocity. This region is the beginning of the growth of small-scale turbulence in 
the jet[28]. Thus, the initial growth of the jet(upto lOD, where ‘D’ is the nozzle exit diameter) 
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is controlled by the coherent structures formed near the boundaries of the jet [11, 28]. In the 
axisymmetric decay region the velocity profiles attain similarity and the jet decays oblivious 
of initial exit geometry [29]. 

So broadly speaking, the jet structure essentially comprises of two regions; 
«nderdeue/oped(comprising of the potential core region and transition zone) and fully developed 
regions. The developing and the developed regions of the jet are characterized by the presence 
of large-scale organized motions and fine-scale random motions, respectively. The large-scale 
motions are known as Coherent Structures and are responsible for the transport of mass, mo- 
mentum and heat without being highly energetic themselves. These large-scale structures play 
a central role in the growth of the jet. Whereas incoherent sitniciure5[ll](i.e.,fine-scale random 
motions) are associated with high-levels of kinetic energy and are responsible for mixing at 
micro-levels ,i.e., in initiating fine-scale turbulence and hence, molecular contact[ll]. The un- 
derdeveloped region is characterized by a faster moving inner shear-layer and a slower moving 
outer shear-layer. Further downstream, the faster moving shear-layers fragment. This is in 
turn an essential attribute to the initiation of a chemical reaction. 

A supersonic jet has some basic differences in it’s structure relative to its subsonic coun- 
terpart. However, the structure of a supersonic jet is determined by the type of the jet nozzle 
used. When a jet is operating from a convergent nozzle and is desired to operate at supersonic 
speeds, it is necessarily underexpanded. It is well known[30, 31] that the structure of a choked 
underexpanded jet has features different from those of subsonic and ideally expanded super- 
sonic jets. These features include discrete tones in the sound spectrum, known as screech tones, 
and the presence of a repetitive shodc-cell system[32, 33]. However, in a convergent-divergent 
nozzle, the jet can be supersonic and shock-free when it is correctly expanded and when the 
nozzle is operated at the “design” pressure ratio that corresponds to the nozzle expansion ratio. 
When the jet is operated at less or more than the design stagnation pressure, the jet is over 
or underexpanded, respectively. The shock-cell structure is present in both operating ranges, 
and the shock-associated noise is always emitted in addition to jet mixing noise[33, 34]. Thus, 
M supersonic over or underexpanded jets, the shock-structure determines the evolution of the 
jet. As a result of the presence of shock-cell system close to the nozzle exit, the potential 
core-length in an over or underexpanded jet is taken as the distance from the nozzle exit to the 
point up to which the shock-cell pattern exists. The remaining regions of the jet are the same 
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as in the case of incompressible jets. 

Thus, the state of the flow as it leaves the nozzle plays a dominajnt role in the growth of the 
jet structure and it’s characteristics. 


1.3 Subsonic and Supersonic Jet Noise 

Both the small-scale and the large-scale structures are capable of generating noise. The relative 
importance of the noise they produce, however, depends to a large extent on the jet Mach 
n umb er and temperature. For subsonic jets, the turbulence convection Mach number(relative 
to the speed of sound) is subsonic unless the jet is very hot. As such, the large turbulence 
structures axe ineffective noise generators in these jets. The dominant part of the subsonic jet 
noise is produced by the finc-scale turbulence. 

On the other hand, for supersonic jets, especially high temperature jets, large-scale struc- 
tures propagate at supersonic Mach number relative to the speed of sound. As a result they 
produce intense Mach wave radiation. This Mach wave radiation easily predominates over the 
noise from fine-scale turbulence, making the large-scale structures the dominant noise source 
of supersonic jets. Since most of the supersonic jets axe imperfectly’ expanded, a quasi-periodic 
shock-cell structure is formed in the jet plume. This causes the radiation of additional noise 
from the jet. As such, shock-associated noise consists of two components: (i) One with discrete 
frequency, screecA,and (ii) the other, broadband shock-associated noise. These two components 
make supersonic jet noise distinctly different from that of subsonic jets. The details of the noise 
from both subsonic and supersonic jet will be dealt with in detail in the later sections. 


1.4 Mixing Enhancement Techniques 

The existence of large-scale structures in the shear layer and their relation to flow instabilit; 
nake it possible to control the development of shear layer and hence, affect it’s mixing chaxad 
jeristics. The various mixing control methods usually employed are broadly classified into 
ypes: 

• Active Control 

Such controls use external forcing or energy external to the energy of the jet to modif 
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its development and mixing characteristics. The flow in this case can be excited by 
mechanical means such as fluctuating flaps, vibrating ribbons, acoustical perturbation, 
suction and blowing etc. 

• Passive Control 

Such controls use geometrical modiflcations of the element from which flow separation 
occurs to change the shear layer stability characteristics. These controls can be further 
classified into three types: 

(i) Three-Dimensional Jets: 

In such jets, the fluid properties vary along both Y and Z-directions in the plane of the jet, 
e.g, slot jets; rectangular, elliptic, triangular, square; multistep jets and others like crown 
shaped, beveled and fingered nozzles. As such, these jets bring about axial distortions 
in the development of jet giving rise to enhanced mixing characteristics. Also the highly 
curved flow at the corners helps augment strong vortex bending in addition to the small- 
scale turbulence initiated by the axial vortices formed in the corners inside the nozzle[2, 3]. 
This vortex bending and self-induction process increases the spreading rate of the jet at 
the flat sides. This combination of large-scale structures providing bulk mixing and fine- 
scale mixing contributing to the reaction rate and better flame holding characteristics 
makes these non-circular jets advantageous for combustion systems as well[4]. 

(ii) Axial Vorticity: 

This concept involves the introduction of discontinuities in the exit plane of the jet so as 
to produce an array of streamwise vortices thereby distorting the cross-sectional shape of 
the jet as it grows. Such an arrangement results in improved mixing. For example, tabs, 
notches, tapered slot nozzle, lobed nozzle, ramp nozzle and swirl etc. 

(iii) Shock-Shear Layer Interaction: 

Shock waves generated in a plane perpendicular to the mixing layer can interact with the 
flow separating at the splitter plate tip to produce a streamwise vortex that enhances the 
mixing rate of shear layer [9]. 
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oundary layer characteristics thereby reducing the core 
issure gradient can create baroclinic torque which induces 
gross distortions[36]. 



Chapter 2 


State of the Art of Free Jet Studies 

2.1 Introduction 

The first monograph on turbulent jets written by Abramovich[27] came out in 1936 and dealt 
solely with free submerged jets, i.e., jets spreading into a medium at rest. Since that time, the 
theory of the turbulent jets have been enriched with a large amount of experimental material 
and has been applied in different branches of engineering. 

Turbulent jets have been the subject of experimental research since 1940’s. Early invest- 
igations reported distributions of mean properties such as velocity and pressure. Later, the 
availability of hot-wire anemometry led to the time resolved measurements performed by many 
researchers. These measurements provided in depth information about the structure of plane 
jets[37, 38]. More recent studies performed using Laser Doppler Anemometer revealed the 
existence of flow reversals and provided further information about the mechanics of the jet 
boundaries [39]. 

2.1.1 Subsonic Shear Layers 

Experiments carried out by Roshko[ll] in incompressible range have revealed the presence 
of large-scale structures which have the appearance of breaking waves or vortices. An early 
flow visualization study by Brown and Roshko[40] revealed that this breaJsdown process and 
vortex formation occurred alternatively on the two sides of the jet and that these large-scale 
structures control the dynamics of all free shear flows including plane mixing layers, jets of 
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different geometries and wakes. The formation of coherent structures in the shear layer is 
initiated by Kelvin-Helmholtz instability, governed by Rayleigh’s equation for inviscid flows. 
The exponential growth of velocity and vorticity perturbations leads to a non-linear process 
that eventually causes the roll-up of the shear layer into vortices. The initial vortex shedding 
frequency is determined by various characteristics of exit velocity profile, such as shape, tur- 
bulence structure, initial shear layer momentum thickness and jet exit velocity. This vortex 
shedding property was found to be a function of Reynolds number based on nozzle exit dia- 
meter, Re/j, and the axial distance. The shedding process is also found to play a dominant 
role in the acoustics of the jet as the exit velocity ranges into the supersonic regime. At low 
Reynolds numbers, small-scale turbulence is largely absent[ll]. However, at larger Reynolds 
number values, small-scale eddies have been observed to be superimposed on the large-scale, 
two-dimensional motion. The mean flow is controlled by the large, organized structures and 
remains unaffected by the appearance of small-scale turbulence at higher Reynolds numbers. 
This large-scale external mixing is known as the entrainment process. A fundamental property 
of turbulent shear-flow, related to its growth, is the phenomena of entrainment which has been 
defined[ll] as the incorporation of non- turbulent, usually irrotational fluid into the turbulent 
region or, conversely, the diffusion of turbulent region into the ambient flow. The initial vortices 
grow in the shear layer and coalesce as they are convected downstream in a “pairing” process 
[41, 42]. Figure 2.1 shows the process of growth of shear layer by vortex pairing as observed 
by Roshko[ll]. 



Amalgamation into a large vortex 



Figure 2.1: Process of growth of shear layer by vortex pairing 
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In pairing, the neighbouring pair of vortices rotate around each other and amalgamate into a 
larger one. Due to merging and entrainment, the shear layer spreads and the frequency associ- 
ated with large-scale vortices decreases. The entrainment of irrotational mass by the large-scale 
structures leaves the entrained fluids essentially unmixed during the lifetime of vortices[43, 44]. 
However, intense mixing occurs during pairing or other amalgamation processes. The further 
breakdown of these large-scale eddies into smaller eddies (resulting in turbulence) is merely a 
stage in the dissipation of energy[ll] that has been extracted from the mean flow. Once the 
large-scale coherent structures are completely broken into small-scale eddies (incoherent struc- 
tures), the jet is said to be fully-developed[28]. It has been found[28] that in the initial region 
the local entrainment depends upon the axial distance but is constant for the fully-developed 
region. 

The growth of the jet, therefore, is closely related to the entrainment process. The rate 
of growth and hence a qualitative measurement of the entrainment can be made by the jet 
half-width[45] which may be defined as the transverse distance from the jet axis up to which 
the local velocity reduces to half the centreline velocity. 

While the coherent structures axe beneficial in enhancing large- scale mixing, they, however, 
prevent fine-scale(moleculax) mixing, particularly during the initial vortex development process[46]. 
In the final stages of vortex roll-up process, fine-scale mixing is increased by vortex break-up 
initiating the reaction and leading to sudden heat release. An earlier increase of small-scale 
mixing is, therefore, important to prevent the periodic heat release that follows the vortex roll- 
up process and to obtain higher initial temperatures, before the air, entrained into the reaction, 
cools down the reaction products[46]. 

2.1.2 Supersonic Shear layers 

Supersonic shear layers spread or mix at a slower rate than their subsonic counterparts due 
to compressibility effects introduced at high Mach numbers [47, 10, 24]. The compressibility 
level is best described by a parameter called the “Convective Mach Nvmber(Mc)”\^?>, 23]. This 
parameter is defined as the relative convective speed of the large-scale structures in the shear 
layer to one of the free stream, normalized by speed of sound of that stream[4, 22]. Therefore, 
if Ui and U 2 are the mean velocities of the two streams, than the respective convective Mach 
numbers are given by M^ = (Ui - Uc)/ai and Mcj = (U 2 - Uc)/a 2 , where Uc is the convective 
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velocity of the structures and ‘a’ is the speed of sound. These convective Mach numbers are 
equal to each other in shear layers with equal static pressures and specific heat ratios in the 
two streams. Under such conditions, 


Oj 02 

For Me < 0.5, supersonic shear layers exhibit characteristics of an incompressible shear layer 
with two-dimensional organized structures [9] with a braided structure between the vortices 
However, vortex pairing typical of incompressible shear layers was reported[49] at Mc=0 51 
and not at Mc=0.86. As the convective Mach number increases, the mixing layer becomes 
highly three-dimensional with nearly indiscernibly organized two-dimensional structure[49] due 
to a non-linear interaction of axisymmetric and helical modes. One potential mechanism for 
the stabilization of the compressible shear layer relative to incompressible flow is the sup- 
pression of upstream and cross-flow communication paths within the shear layer due to high 
Mach numbers[49]. Also the density gradients in compressible shear layers, coupled with large 
pressure gradients across shocks, produce vorticity due to baroclinic torque, -uncommon to in- 
compressible shear layers. Schlieren study has revealed[23] that the structures get elongated 
and tilted with high speed flow, -without e-vidence of vortex pairing. 

2.1.3 Supersonic Jets 

When a supersonic jet operates at oflf-design conditions, the interaction between the expan- 
sion/compression waves and the jet shear layer can result in increased jet spread[50]. Increas- 
ing the level of pressure mismatch causes large variations of the jet spreading rate and internal 
structure. This behaviour is attributed to an acoustic feedback formed by sound -waves that 
originate at the downstream section of the jet during shock/shear layer-vortex interactions. 
Chuech et al[51] reported that compressibility effects at Me >0.5 reduce the mixin g rate of an 
underexpanded jet, thus, mcreasing the length of the shock-wave containing region. Increasing 
the turbulence level at the jet exit has an opposite effect. 

As such, means have to be explored to enhance mixing in both subsonic and supersonic 
jets for the efficient functioning of the system in which they are installed as per the need of 
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application. Various of mixing enhancement techniques have been tested by experimentalists. 
The following sections give a brief outline of the efforts focused on this topic in literature. 

2.2 Mixing Enhancement 

The technological challenge of mixing enhancement in compressible flows stems from the inher- 
ently low growth rates of supersonic shear layers. The study of compressible shear layers have 
built on the knowledge accumulated in the subsonic flow research. The discovery of large-scale 
coherent structures in subsonic shear layers and in underexpanded supersonic jets[52, 14, 15] and 
their importance to mixing process led to the development of numerous mixing control tech- 
niques. 

Each of these techniques will be discussed separately starting with early research in subsonic 
regimes to recent supersonic mixing control. Emphasis has been given to passive control 
techniques since it is directly related to the present topic of research work. 

Various methods have been devised to alter the mixing characteristics of the jet as it leaves 
the exit plane as per the mode of application of jet. On these basis, the mixing enhancement 
methods are broadly classifled into two categories, namely, the Active and the Passive methods. 

2.2.1 Active Control 

Active controls use external forcing or energy external to the energy of the jet to modify its 
development and mixing characteristics. The most popular active method is the use of acoustic 
energy (i.e., sound waves). To maximize the effect, the external perturbation should match the 
flow instability band to take advantage of the natural amplification of the flow as shown by Crow 
and Champagne[53]. Sound waves at particular frequencies have been reported in literature to 
greatly alter the growth of the jet. Hussain and Hussain[l, 54] used a loud-speaker arrangement 
in the settling chamber to alter the dharacteristics of incompressible elliptic slot jets. He 
observed that at a particular frequency, the sound waves profoundly affected the axis-switching 
location and spread of the jet. Such observations have also been made in the supersonic regime 
by Pimshtem[55] where the sound waves were made to break the acoustic feedback loop outside 
the nozzle and alter the jet characteristics. Tam[56] used external excitation in the form of sound 
and found that a narrow beam aimed at an angle of 50° to 80° to the flow direction was most 
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eflFective in exciting instability waves. Some similar observations were made by Lepicovsky et 
ol[57] where an internal acoustic excitation in both subsonic and low supersonic jets resulted 
in faster velocity decay along the jet axis. 

However, such active controls of jets for the purpose of enhanced mixing characteristics in 
both subsonic and supersonic regimes require extensive external excitation mechanisms which 
are, therefore, not feasible in applications involving hot gases, e.g., in exhausts systems of 
aircrafts and combustion chambers etc. Also, for hot flows existing inside combustors it is 
preferable to use passive means[58] since such control techniques generally use geometrical 
modiflcations of the jet exit surfaces for mixing enhancement. 

2.2.2 Passive Control 

Such controls use geometrical modifications of the element from which flow separation occurs to 
change the shear layer stability characteristics or in other words such controls use the energy of 
the jet itself to alter its mixing characteristics. Various methods of passively improving the jet 
characteristics have been reported in literature. The first and the foremost method makes use of 
non-circular geometries at the nozzle exit plane. Since jet characteristics are most receptive to 
changes in initial conditions, exit geometry variation plays a do min a nt role in the development 
of both low and high-speed jets. Thus, to study the effect of initial geometry alone on the 
development of the jet, jets issuing from slots or orifices are preferred[59, 1]. Other means 
include the use of intrusive mechanical devices and non-intrusive(e.g, cavities, notches etc.) 
means in the form of notches in the periphery of the nozzle exit plane. 

Since the present study focuses on passive control of elliptic jet for enhanced characteristics 
through the introduction of discontinuities in the exit plane the present literature survey is 
focused mainly on this particular aspect of mixing control. 

Non-Circular or Three-Dimensional Jets 

Various passive means have been investigated to increase the entrainment rates to achieve better 
fnixing and to augment thrust. Past studies using different nozzle shapes and attachments 
have revealed that mixing enhancement is possible via axial vortices or three-dimensionality 
in the flow. Non-circular jets being inherently three-dimensional, in addition to the highly 
curved flow at the corners which augments strong vortex bending[2], caught the attention 
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of researchers. These non-circular geometries have been reported in literature [29, 60, 61, 
62, 59, 1, 3, 46] to result in enhanced mixing, a characteristic maldng them far superior to 
the conventional circular jet. This is attributed primarily to the axis-switching phenomenon 
associated with the distortion of the large-scale vortical structures caused by the non-uniform 
azimuthal curvature variation resulting in a non-uniform self-induction process[63, Ij. This 
phenomenon is responsible for higher amounts of ambient fluid engulfed by these jets thereby, 
ensuring higher rates of mixing than the conventional circular jets. 

An early investigation carried out by Sforza et a/[29] on various jet orifices (circle, ellipse, 
square, rectangle and triangle) revealed a great dependence of the initial geometry on the jet 
characteristics up to the end of the characteristic decay(CD)/transition[27] region beyond which 
the jet tends to axisymmetry oblivious of the slot geometry. The presence of sharp corners in the 
form of vertices of triangular slot and aspect-ratio variation were observed to affect the potential 
core length. The effect is primarily due to the secondary motions(small-scale eddies) initiated 
at the sharp comers. Thereafter, to gain insight of the effects brought about by sharp comers 
in exit geometries, considerable attention was focused to understand the growth and mixing 
of large aspect-ratio rectangular jets. Experiments conducted by Marsters[61, 62] revealed 
intense turbulence activity at the corners of the jet which was observed to be responsible 
for enhanced mixing. Velocity peaks near the ends were observed resulting in the saddle- 
back profiles typical to rectangular jets. These peaks merge inwards as the distance from the 
exit plane increased. The peahs in turbulence observed near the velocity pealcs, according to 
Marsters[61, 62], is probably due to the end shear-layer growing inward and interacting with 
die shear-layer along the long sides of the jet. Saddle-back profiles were also observed by 
Krothapalli[5] which, according to him, are indicative of the end of the potential core-region, 
and thus marks the merging of shear layers of the jet. However, the mechanism responsible for 
their emergence(velocity peaks) is not clearly understood[61]. 

Quinn[59] carried out a very detailed study of the flowfield to gain insight of the mechanisms 
tesponsible for the growth and mixing of a large aspect-ratio(20;l) rectangular jet. As carried 
' out by Marsters, grid study at various X-locations proved beneficial to him. He confirmed 
diat the near-field of the jet was dominated by counter-rotating pairs of streamwise vortices 
which facilitate enhanced mixing of the jet by acting as vehicles of transfer of high-momentum 
fluid to areas of low-momentum fluid and vice-versa. The off-cmitre peaks(i.e, saddle-back 
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profiles) were suggested to be due to the self-induction of the counter-rotating streamwise 
vortices initiated by the presence of sharp edges of the rectangular orifice. This was observed 
to result in change of shape from rectangular to elliptic in the fax-field and hence enhanced 
mixing. Thus, the major effort of investigators had relied on the regular breakdown of the large- 
scale coherent structures to fine-scale eddies through vortex dynamics introduced by cizknuthal 
ins tabilities in the exit plane. 

Since sharp corners were observed in large aspect-ratio rectangular jets[61, 62, 5, 59] to 
enhance mixing at micro-levels, efforts were made to introduce acute angled corners in the 
exit geometry. Improvement in the flowfield were observed by Gutmark[3] in triangular jets 
wherein the small-scale eddies shed from the sharp corners induce turbulence near the exit 
plane thereby interacting strongly with the large-scale vortices shed from the plain sides. The 
jet orifice geometries that were studied included an isosceles triangle with an apex angle of 30 
degrees, an equilateral triangle and a square. 

The special features of these nozzles were tested in reactive flow of square and triangular 
flames[46]. The flow behaviour observed in cold flows was observed to affect the results in 
reacting tests. The investigations revealed that the highly turbulent flow at the corners helps 
initiate the reaction close to the nozzle exit, which increases the local temperature of combustion 
products (due to reduced entrainment by fine-scale eddies). On the other hand, the large-scale 
mixing at the flat sections provides the necessary amounts of air to sustain combustion. The 
difference between the two flame sections was observed by Gutmark et a/[46], to be more 
pronounced for smaller corner angles. Later, they extended their study to sonic and supersonic 
underexpanded jets[4]. They observed that the structure of the sonic non-circular jets with 
comers is similar to the subsonic one. In supersonic underexpanded jets, the shock structure 
determines the evolution of the jet due to asymmetry of expansion waves originating from the 
fiat and vertex sides of jet geometry. Combustion chareicteristics were observed to increase 
with decreasing comer angle with the isosceles triangle showing highest combustion intensity. 
However, the square jet was similar in characteristics to circular one. 

As such passive means are preferred wherever efficient mixing is cmdal e.g, combustion 
chambers, exhaust nozzles of propulsion units, chemical reactors etc. In hot flows existing inside 
combustors, e.g, it is preferable to use passive controls[46]. In combustion processes, efficient 
mixing is beneficial not only in initiating molecular contact but also in attaining the necessary 


CHAPTER 2. STATE OF THE ART OF FREE JET STUDIES 


17 


temperature over a required distance. On the other hand in combat aircrafts, enhanced miving 
of high temperature exhaust with the ambience is very crucial to elude the infrared detection 
system so common in air-to-air warfaje[25]. 

Due to its smooth azimuthal curvature variation, elliptic jets caught the attention of re- 
searchers. The flow here is less complex due to absence of sharp comers and as such leads 
to a better understanding of the development of non-circulax jets[l]. Recent investigations on 
elliptic jets for non-reacting flows in the incompressible range[l, 58] has shed light on the de- 
tails involved in its evolution. Hussain and Hussainfl] confirmed that an elliptic jet undergoes 
a 3-D deformation process associated with the bending of the elliptic vortex. The differential 
pressure along the two axis of the jet starts a pumping action wherein ambient mass is brought 
in towards the jet-centrehne along the major-axis side and jet mass is thrown out along the 
minor-axis side. This self-induction process results in enhanced mixing between the jet and 
ambient irrotational mass[l, 20, 59, 58]. As a result the jet switches axis, entrains more fluid 
and spreads faster in the minor plane as was also observed for rectangular jets[59, 5]. Similar 
observations were made by Ho and Gutmaxk[20] where they concluded that the enhanced en- 
trainment in the portion near the the minor-axis were due to the azimuthal distortion of the 
elliptic vortex ring. These distortions were responsible for the faster spread of the shear layer 
in elliptic jets. 

Axis-switching has also been observed in supersonic/underexpanded elliptic jets by Gut- 
mark and Schadow[46], a characteristic favorable from mixing and noise suppression problems 
in high-speed jets. The presence of large-scale structures in supersonic flows[64] have opened 
up possibilities of controlling the jet characteristics by regular breakdown through vortex dy- 
namics. 

Aspect-ratio is another parameter found in literature to have a profound iofluence on the 
development of jet. Hussain and Husain[l, 65] made a comparative study of the effect of 
aspect-ratio and observed that for a given equivalent diameter, Dg, aspect-ratio is an important 
parameter controlling the deformation and topological changes, i.e., bifurcation, of large-scale 
vortical structures in elliptic jets and that the dynamics of low aspect-ratio jets are basically 
different from jets of moderate to high aspect-ratios. For a low aspect-ratio elliptic jet, the 
deformation as well as the self-induced inward and outward displacement of parts of elliptic 
structures are small. Whereas they are higher for large aspect-ratios because the structures 
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along the minor-axis side are closer to the jet ceiiterline[l]. As a result, in a low aspect-ratio 
jet, the azimuthal deformations are fast enougix due to dominance of large-scale activity [5] . 
However, in high aspect-ratio jet, when the distortion becomes appreciable, the vorticity has 
already diffused. And since, entrainment of naaiss-flow is due to large-scale activity, a low 
aspect-ratio jet shows higher bulk mixing[20]. A_3ds-switching location is found to be a linear 
function of aspect-ratio in elliptic and rectanguletr jets[l, 5]. 

Axial Vorticity 
Tapered Slot Jets 

Though non-circular configuration itself is founci to be a very efficient passive device efforts 
have been made to further enhance the jet characteristics through additional passive means. 
For reacting flows, Gutmark et a/[58] was able to enhance small-scale mixing in the near-fleld by 
introducing a contraction before an elliptic slot of aspect-ratio 3:1. The arrangement generated 
a three-dimensional vorticity component when cihaiiging shape from conical to slot geometry. 
This additional vortiaty component was observed to interact with the initial circumferential 
vortices to distort their coherence and hence, increase small-scale activity both in the core- 
region and jet circumference. Unlike the usual elliptic jet, the jet is found to spread more in 
the major-axis plane with no axis-switching. 

Intrusive Methods 

In addition to the use of non-circular exit plane geometry, means were also developed to inter- 
fere with the growth of the shear-layer by the use of intrusive means in the nozzle periphery to 
enhance fine-scale mixing in conventional geometries. The streamwise vortices thus generated 
provide the necessary secondary instabilities and. alter the flow field significantly. Gross distor- 
tions in the jet structure have been observed usiag intrusive means m circular jets e.g, tabs both 
in subsonic[7] and supersonic regimes{66, 16, 67, 68]. Bradbury[7] observed that the introduc- 
tion of rectangular tabs in the nozzle perimeter tibat protrude into the flow(with area blockage 
of 1-2 percent per tab) introduce circumferential variations in the jet flow angle and produce 
profound effect on the jet development by splitting the jet into two high velocity regions on 
«ther side of the diameter joining the two tabs. The gross distortions brought about increase 
in entrainment into the jet. They observed that the most effective configuration consisted of 
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two tabs. Later, enhanced mixing and reduced noise were observed using tabs in supersonic 
flows [49]. The tabs were observed to improve mixing in the shear layer surrounding a sonic and 
supersonic underexpanded jet potential core[12, 13, 69, 70]. For a tab to produce an effective 
streamwise vorticity, a favourable pressure differential must exist across the tab as is the case 
in tmderexpanded cases. However, the adverse pressure jump at the nozzle exit (as in the case 
of overexpansion) dilutes the pressure differential created by tab maki ng it less effective for 
this case[12]. Tabs were also observed to drastically weaken the shock structure accompanied 
by noise reduction[71]. The tabs in this case were placed inside the diverging section of a Mach 
2 converging-diverging nozzle. It was observed that the shock produced by the tabs interacted 
with the jet flow resulting in a barocUnic torque(i.e., when density and pressure gradients are 
not aligned). Reduced noise levels were also observed by Tanna[66], Norum[16], and Norum 
and Seiner [68]. Introduction of tabs in supersonic jets help weaken the shock-structure con- 
siderably and hence eliminate screech as seen by Norum[16] and Krothapalli[67]. However, the 
use of tabs does effect the overall thrust. As such non-intrusive means axe preferable. 

Non-Intrusive Methods 

According to Powell[30], the best way to weaken the shock-structure in the near-field and hence 
enhance mixing close to the exit is by relieving the excess pressure at the nozzle exit by means of 
notches or fingers. This concept was later used by some researchers [8, 17, 19] to enhance mixing 
in underexpanded jets. A study of an underexpanded notched circular (fish-tail configuration) 
jet [8] revealed a much higher spread in the notched plane with the sheddin g of vortices from 
the swept edges of the notches. This vortical structure is found to act as a shielding device to 
the shock-structure/noise sources resulting in noise reduction. Norum[16] and Krothapalli[18] 
used fingers/slots in the nozzle parallel to the jet axis. The pressure relieving effect of the 
slots greatly weakens the shock-structure and hence suppresses screech. However, the pressure 
relieving effect of fingers/slots, once again results in thrust loss. 

EfiEect of Nozzle Geometry 

Modification of the nozzle geometry by introduction of azimuthal asymmetry is another tech- 
nique for controlling development of high speed jets[72, 17, 73]. The various configmations 
tested included sHced, single and multi-tab which revealed jet vectoring, mixing enhancement 
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anrl noise reduction. Yu et oi[22] tested a Mach 2 convergent-divergent nozzle with 5 swept 
ramps on its diverging sections. The shear layers of the ramp jets had significantly higher 
growth rates compared to those of circular jet. Flow visualization reveeded well-defined, large- 
scale organized structures, possibly axial vortices, within the shear layer thereby increasing 
shear layer growth for the ramped case. Supersonic combustion test of ramped injectors re- 
vealed increased combustion rate/heat release in the near field of the jet. 

The concept of baroclinic torque effect has also been used to enhance mixing in supersonic 
flows. It has been reported by Yu et a/[22] that a fuel injection system in hypersonic applications 
used ramps to create oblique shocks that crossed cylindrical fuel jets, thereby creating the 
baroclinic torque in the streamwise direction resulting in increased molecular mixing. The 
baroclinic torque exists when pressure and density gradients are not aligned. When a shock 
wave interacts with a jet of different density relative to the ambient flow, e.g, a hydrogen fuel 
jet etc., the pressure gradient across the shock interacts with the density gradient between 
hydrogen and air to generate vorticity. This vorticity increases strain rates and enhances 
molecular mixing by diflfusion[49]. 

2.2.3 Other Passive Control Techniques 

(i) Acoustic feedback enhancement : Enhancement of the acoustic feedback loop responsible for 
the generation of screech tones in an underexpanded choked supersonic jet has been achieved 
by impinging the jet on a circular cylinder[74] which resulted in increased spreading rate. 
Elongated paddles parallel to its long dimension and near the jet edges were used by Rice 
and Raman[75] for enhancing the mixing rate by increasing screech level due to feedback 
from paddles. They also observed that blocking the feedback acoustic loop using baffles, thus 
suppressing screech, also affected the mbdng rates. 

(ii) Interaction with flow instabilities : Ponton and Seiner[76] studied the effect of lip thidcness 
surrounding a nozzle on the spreading rate and sound emission characteristics of a choked un- 
derexpanded jet. Though spreading rates were altered only marginally, screedi characteristics 

4 I 

were signiflcantly altered due to reflection of sound from thick lips stimulating the initial shear 
layer. 

(iii) Multiple shear layer : Interaction between multiple supersonic jets can lead to resonant 
mnditions resulting in increase in growth rates of jets[7’i^. It has been observed by Wlezien 


CHAPTER 2. STATE OF THE ART OF FREE JET STUDIES 


21 


that, resonant conditions depend on the jet separation, mixing layer thickness and Strouhal 
number. 


2.3 Jet Noise/ Aeroacoustics 

Since the late 1970’s, steady progress has been made in understanding the noise mechanism of 
supersonic jets and in the predictions on their radiated noise. From practical point of view, 
noise reduction is probably the most important challenge of all. Improved mixing reduces 
turbulence and hence noise. This experience has led to the channeling of most of the current 
noise reduction effort into the development of enhanced mixing devices. 

2.3.1 Noise from Subsonic Jets 

Realization of the presence of large-scale structures in turbulent shear flows[78, 53] generated 
a growing interest in advancing the understanding of their role in the production of jet noise. 
The state of the flow as it leaves the exit plane of the nozzle plays a dominant role on the 
jet noise. In subsonic regime the major contributor to noise as observed by Sajohia[79] is the 
Tnixing process brought about by the growth of the large-scale vortices. Hussain and Zaman[80] 
argue that the subsonic jet noise is primarily the result of a breakdown of the toroidal vortical 
structures. They point out that the breakdown occmrs at the end of the potential core, which 
is thought to be the region of maximum sound generation[81]. Sorohia[79] identified the role 
bf large-scale structures in the production of noise in excited jets. The large-scale vortices 
were observed to approximately double in spacing which was preceded by a merging process 
similar to one shown for incompressible flows by Brown and Roshko[40]. The process of 
formation and merging was slowed down by introducing organized structures of controllable 
frequency and amplitude artificially. Near-field pressure measurements indicate that a single 
convecting organized vortex is a very weak source of jet noise. This was seen as a small change 
in pressure signal. However, when this organized structure interacted with another vortex 
nearby, a relatively rapid rising strong pressure signal was observed. The experiments thus 
indicated that a significant part of the near-field pressure signal was contributed by the merging 
c£ die large-scale organized structures in the jet flow. This observation is also confirmed by Ho 
and Gutmark[20] for subsonic elliptic(2:l) jets. Thus, if the merging process among organized 
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structures axe subdued, jet noise reduction can be achieved. This in turn is related to the 
breakdown of these structures into small-scale structures. 

So the state of the flow as it leaves the orifice is important in determining jet noise[82, 83], 
because of its influence on the turbulent mixing process. In subsonic jets, the bulk of the 
noise arises from the turbulent mixing of the jet. The power spectrum of a subsonic jet is 
characterized by a broad single maximum with no discrete frequencies showing noise purely 
due to turbulent mixing[30]. It has been found[30] that the frequency of the maximum does not 
vary with velocity and that the wavelength of the most intense noise may be of the order of 4 to 
5 exit diameters. The jet issuing from an engine is more turbulent and hence, more noisy owing 
to the history of gases and noise from combustion, in all which adds to the aerodynamic noise 
of the jet. The major difference between the model jet and the engine jet is its temperature. A 
low density jet(i.e., a heated jet) has a much higher spread[30] and is, therefore, expected to 
have differences in the noi?e produced. 

2.3.2 Structure of an Underexpanded Jet 

Past investigations have revealed that the noise energy radiated from the jet may increase at a 
much greater rate once the pressure-ratio exceeds the critical value. The critical pressure-ratio 
may be defined as that at which the local speed of sound is first reached in the nozzle, i.e., the 
jet/nozzle is choked. Some major physical changes in the jet flow occur at underexpansion(see 
Fig. 2.2). The most dominating feature is the emergence of the cellular wave pattern[84, 34] in 



Figure 2.2: Structure of a sonic underexpanded jet 
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the potential core which greatly alters the jet growth and adds to the jet noise as shock-cell 
noise. 

Under choked conditions(Pe/Po > 1), the flow at first expands around the corners of the 
nozzle(the angle of expansion being determined by the value of underexpansion level, Pg/Pa), 
but the reflection of the expansion waves at the constant pressure boxmdaries(originating at 
the edge of the exit) as compression waves causes the free boundary to curve inwards so that 
at some downstream distance the flow approaches conditions veiy similar to those existing at 
the orifice. The jet flow along the centerline undergoes maximum expansion from both sides 
resulting in a much less pressure than outside air. In a bid to equalize the pressure a normal 
shock may form replacing the tip of the conical shock. The whole process than starts afresh 
and would repeat indefinitely if it not for turbulence setting in from the edges /boundaries of 
the jet. Turbulent mixing appears to take place less rapidly than in subsonic jets so that sonic 
conditions at the centerline may pre%'ail up to considerable distance from the exit. This is the 
main reason of reduced mixing levels and hence, low spread rates in supersonic/underexpanded 
jets. As such efforts need to be concentrated in breaking the process of shock-cell formation as 
close to the exit as possible. Passive means of achieving the same is through the introduction 
of discontinuities in the exit geometry, e.g, fingers for pressure relief, notches, tabs etc., so that 
the shear layer spreads/creeps faster towards the jet centreline. 

Supersonic Jet Noise 

The emergence of shock-cell structure for imperfectly expanded jets is the major source of jet 
noise. This noise produced as a result of jet operating at off-design Mach numbers /supercritical 
conditions is physically different from that produced by nozzles operating imder subcritical or 
fully expanded conditions. In the latter case, the noise is of broadband nature[66] with a broad 
and a smooth acoustic spectrum consisting of purely turbulent mixing noise( and is due to small- 
scale eddies in the early mixing region giving rise to weak waves). The acoustic spectrum of the 
former contains an extra noise contribution, due to the presence of shocks in the jet flow. Thus, 
the shock-related noise can be divided into two distinct types, each having its own characteristic 
properties. The first component is discrete in nature, usually with several harmonics, and is 
rfffeen referred to as “screech” component. The second component is broadband in nature with 
a well-defined peak frequency. Figure 2.3 shows a typical narrow-band noise spectrum of an 
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imperfectly expanded jet[33]. 
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Figure 2.3: Typical fax-field narrow-band supersonic jet noise spectrum 

The noise from shock-containing supersonic jets consists of three principal components: turbu- 
lent mixing noise, broadband shock associated noise and screech tones. The last two sources 
of noise exist, of course, only when a shock cell structure is present inside the jet flow. The 
relative intensity of the three noise components is a strong function of the direction of observa- 
tion. In the downstream direction of the jet, turbulent mixing noise is the most dominant noise 
component. In the upstream direction, the broadband shock-associated noise is more intense 
and the screech tones radiate primarily in the upstream direction. 

Olmracteristics of Turbulent Mixing Noise 

ft has been suggested by number of investigators that the dominant part of turbulent mixing 
noise of supersonic jets is generated directly by the large turbulent structures or instability 
' ’Waves of jet[81, 85, 86]. McLaughlin et aZ[64, 87] showed experimentally that instability waves 
arere the primary noise generators for perfectly expanded low Re 3 Tiolds number supersonic jets. 

; Later, Tam and Burton[88] developed a mathematical theory suggesting that the instability 
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waves or the large turbulent structures are the dominant noise generators in supersonic shock 
free jets and their theory agreed well with experiments.. 

Role of Instability Waves to Jet Noise 

The major obstacle to a complete theory in jet noise analysis has been the identification of the 
fluctuations in the jet which generate the radiated sound. Lighthill’s classical formulation[89, 
90, 91] provided the groundwork for relating the acoustic radiation to the disturbances in the 
jet. The study was further extended to supersonic regime by Ffowcs et a/[92] and Ribner[93]. 
Although there are many similarities between the subsonic and supersonic noise phenomenon, 
there are differences in the generation mechanisms which tend to be of fundamental nature. 
First of all, in any supersonic jet there exists a cell structure which has a controlling influence 
on the behaviour of disturbances within the jet. Second, the acoustic radiation emitted from 
the supersonic part of the jet. 

The orderly structures inevitably interact with its shock cell system as they propagate 
downstream giving rise to disturbances which are coherent over many jet diameters and have 
space- time characteristics similar to those of large-scale structures, i.e., these disturbances are 
wave like. These disturbances may have components that are subsonic or supersonic phase 
velocities relative to the speed of sound. By wavy wall analogy far field signatmes of subsonic 
components decay very rapidly as the transverse distance from jet axis increases. However, 
for supersonic phase components, far field signatures consist of Mach wave radiation that 
constitutes what is called the shock associated noise[94]. 

In short, the shock-associated noise is generated by weak interaction between downstream 
propagating large-structures and the shock-ceU structure. The noise is a form of Mach wave 
radiation caused by the supersonic phase components of disturbances associated with the weak 
intCTax:tion[33]. 

Broadband Shock-Associated Noise 

^us, it turns out that the instability waves or large turbulence structures are also responsible 
for producing broadband shock associated noise as well as screech tones when the jet is oper- 
t ated at off-design condition[95]. Tam and Tanna[94] proposed that the broadband component 
is generated by the weak interaction between the downstream propagating large turbulence 
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structures and quasi-periodic shock cell structure of the jet. They used simple analytical mod- 
els to represent large scale structures and shock cells to derive a noise intensity scaling formula 
and peak frequency formula which agreed well with experiments. 

The spectrum of broadband shock-associated noise is dominated by a single spectral peak. 
This peak frequency is formd to be a function of the direction of noise radiation, 6 , measured 
from the jet flow direction. At small angles to the jet axis, the spectral peak of broadband 
noise is quite wide. As the observation angle is increased the width decreases and becomes 
increasingly narrower as the jet exit direction is approached. Thus, the peak frequency exhibits 
a Doppler shift phenomenon. The large turbulence structures/shock-cell interaction model by 
Tam[94] gives the following formula for the frequency of the n*^ spectral peak of broadband 
shock-associated noise: 


fn = Uc kn/[27r( 1 - Me cos 0)] 
where (1 - cos0) is the Doppler factor 

In the above equation, Uc is the phase velocity of the instability wave of frequency fn which 
makes up the large turbulence structures and kn is the wave number of the n** Fourier compon- 
ent of the shock-cell structure. Within the framework of this model, the dominant part of the 
source of broadband noise is located in the region of the jet where the instability wave attains 
TTiaximum amplitude. 

Since both these noises are generated by the same mechanisms, Tam, Seiner and Yu[95] 
suggested that this noise and tones are closely related. They concluded that the screech tones 
could be treated as a very special case of broadband shock-associated noise. One careful 
observation made by them from the narrowband shock-associated noise spectrum as is seen in 
Figure 2.4 produced from their paper, is that fundamental screech tone frequency is always 
smaller than the frequency of broadband shock-associated noise. As 0(the angle which the 



asssodated noise frequency decreases. At 5 = 150", the lowest part of the spectrum approaches 
' 1^*3* of screech tones. Thus, screech tones are limiting case of broadband shock-associated noise 
when 6 approaches the limiting value of 180". 
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Figure 2.4: Narrowband shock associated noise spectruin[16] 

It has been found by Norum[16] that the fundamental screech tone radiates primarily in the 
upstream direction whereas the principal direction of radiation of first harmonic is at 90® to the 
jet flow direction. When the jet emits strong screech tones, the jet flow undergoes two types of 
strong oscillations, namely Toroidal mode oscillations and Helical/Flapping mode oscillations. 
With the toroidal mode oscillations, both the jet flow and acoustic field exhibit axisymmetry. 
With the flapping mode, the jet oscillates up and down across a flapping plane. The screech 
tone mode changes with jet Mach number. At low Mach number, screech tones are associated 
with toroidal mode. As M increases there is a switch over to flapping/helical mode. The 
intensities of screech tones are affected by jet Mach number Mj-, temperature of jet Tj, nozzle 
lip thickness and the presence of sound reflecting surfaces in the immediate vicinity of the jet. 
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In a series of papers, Tam[96, 97] developed a semi-empirical stochastic model theory for the 
prediction of broadband shock-associated noise which was found to agree well with experiments 
for both hot or cold and under or overexpanded jets. The model is based on the observation that 
the spreading rate of high-speed jets is very small, i.e., the flow variables as well as turbulence 
statistics change only very slowly in downstream direction. However, the theory is only capable 
of predicting noise of axisymmetric jets for which the shock-cell structure can be calculated 
relatively easily. For non-axisymmetnc jets there is no simple way of determining the shock-cell 
structure[97, 98, 99, 100] and as such the theory does not apply to this class of jets. 

Screech Tones 

The intensity of screech tones have been found in the near-fleld to be as high as 160dB[32]. 
At such hig h sound pressure level(SPL), the tones can cause structural fatigue of the aircraft 
components in the vicinity of the nozzle and cause other undesirable vibratory problems. Hub- 
bard and Lassiter[101] have reported failures of secondary structures of wings and fuselages 
in some configurations from accelerated fatigue due to intense fiuctuating pressure field near 
the jet orifice. Such fatigue failures have also been reported by Hay and Rose[102] from their 
flight experiments. Thus, it is believed that an understanding of the nature and sources of noise 
is necessary before any progress is made in controlling it. The nature and sources of sound 
can be understood from the mechanism by which noise is generated which wiU be helpful in 
imderstanding its characteristics. As such, there is currently a renewed interest to gain insight 
of the flow phenomena and thus have a better understanding of the screech phenomenon. 

Tone Generation Mechanism 

In the past, PoweIl[84, 34] did a pioneering work on imperfectly expanded/screeching jets and 
their related acoustic field optically. He concluded from his investigations that screech tones 
were generated by a feedback loop existing in the jet fiow field. The instability of the shear- 
layer at the nozzle exit results in an alternate eddy formation crudely resembling a Kaman 
^rtex street. Lighthill[89, 90, 91] has shown how tvubulence gives rise to acoustic energy 
as it traverses a shock wave. On this basis, Powell[84] formulated a theory concerning this 
noise. According to him, as the stream disturbances (caused by fluctuating pressures at che 
orifice result in the boundary taking up slightly different directions on leaving the orifice since 
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pressure-ratios across it will be fluctuating) cross each shock, it will generate a sound wave. 
Physically, this is because the changes in pressure upstream of shock produce corresponding 
changes downstream which in part may be relieved by radiation in the form of sound waves[96]. 
These upstream moving waves were found to strongly govern the stability of the mixing layer at 
the nozzle exit where it is thin and most receptive to excitations, thus giving rise to “embryo” 
disturbances. These “embryo” distimbances get amplifled as they move downstream at a certain 
velocity by extracting energy from the mean flow of the jet[32]. Having acquired large enough 
amplitude(to about 4 to 5 shock-cells), the disturbances strongly interact with the shock-cell 
structure inside the jet plrnne. This unsteady interaction results in the emission of intense 
acoustic waves, some of which propagate upstream outside the jet plume. On reaching the 
nozzle lip, these acoustic waves further trigger the generation of downstream propagating flow 
disturbances or the instability waves, closing the feedback loop. 

Powell’s explanation led the acoustic model of spatially stationary sources located at the 
ends of the shock-cells, with phasing between them determining the convection velocity, Uc, of 
disturbances[16]. Since end of each shock-cell is a source of acoustic radiation(due to interac- 
tion), the arrangement is equivalent to a line array of variable strength monopole sources whose 
phase is dependent upon the source spacing[103] (shock-cell length) and disturbance convection 
velocity. In the far fleld(X/De>15De), the observer sees the total integrated effect of the array, 
since he observes all sources at a similar angle. The far fleld observer can, therefore, detect 
a Doppler factor with an angle that is solely a function of the phase between sources. In the 
near fleld of the sources, by virtue of his proximity, an observer integrates much less of the 
total phased array properties and has a wide angle of view to the individual sources. However, 
Doppler factor is also observed in the near fleld suggesting that in the far field the shift may 
be due to source convection effects rather than from the effect of phased array. Thus, shock 
positions cannot be considered stationary when propagating into regions with time-dependent 
distmrbances. As such the shock-cells are set into oscillation at the screech frequency [16]. 

It has been observed by Powell[30] and Hammitt[104] that the sound waves cause the 
pressure ratio at the nozzle exit to fluctuate as well and so making angle a of the jet boundary 
to fluctuate as well. According to Roshko[ll], the alternate shedding of vortices/disturbances 
on each side of the jet causes the sound waves on eadi side to be out of phase with each other. 
As a result, both sides of the jet are deflected in like directions giving the stream a sinuosity. 
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Intense violent oscillations of the jet have been observed by Haminitt[104] after the third cell 
upto which the jet is found to be relatively stable. 

Powell[84] found that the upstream traveling waves are uniquely dependent upon the pres- 
sure ratio(R) and closely related to the cell spacing(s). According to him, 

s = 1.89 (R - Rc)* X jet depth 
A = 0.63 (R-Rc)5 


Where, jet depth is the smaller dimension of the orifice and Rc the critical pressure ratio 

Since the wavelength(A) is roughly proportional to the cell spacing, it seems therefore, that the 
mechanism responsible for sound may be stabilized at a certain frequency. This is the basis of 
the phenomena of “sensitive jets” , when a distinct vortex pattern may be produced in the flow. 
Glass[50] was successful in brealdng the feedback loop suggested by Powell[84] by reflection of 
the upstream traveling sound waves from a reflector plate placed at 45° to the jet axis at nozzle 
exit. These reflected (acoustic feedback) were observed to significantly increase the rate of jet 
spread and decay. As much as 50% reduction in centerline velocity(at 15De) were observed. An 
insulation applied at the exit intercepted the acoustic feedback causing a decrease in jet spread 
and screech elimination. He, therefore, concluded that the reflected sound waves were the main 
culprit in inducing the phenomenon of screech. Thus, disturbing the shock-cell structure or 
making the shocks weak is another way of reducing the effects of acoustic feedback. 

Lassiter and Hubbard[101], with the aid of high speed motion photography, were able to 
diow that the shock-cell structure to be unstable during screech and the shocks to oscillate 
St the frequency of the fundamental screech tone. Hammitt[104] explored the possibility of 
stabilizing the jet by shielding its base from sound waves. Jet oscillations were foimd to be 
SHisitive to these external sovmd waves. Placing a sound absorbing material at flie jet base 
was observed, to stabilize the jet oscillations in the entire fleld and almost complete elimination 
,1 of screech frequency. They thus concluded that the oscillations of the jet and the associated 
sound field are directly related to the size of the shock-cells. 

Thus, in short, as outlined by Tam et al[32] the feedback loop consists of three basic 
components, namely, the feedback acoustic waves, the instability wave, and the shock-ceU 
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structure. A schematic sketch of the feedback loop is shown in Fig. 2.5. 



Figure 2-5: Schematic diagram of the screech tone feedback loop. 

Each of these components plays a different but an essential role in the maintainence of the 
feedback loop. The acoustic waves have been foimd to form the weakest link of the loop. A 
lot of work has been reported in literature to stabilize the jet and reduce jet noise by shielding 
tihese acoustic waves. 

A reexamination of the different links of the complete feedback cycle made Tam[95] to 
suggest that the inner loop of the feedback cycle is formed by large scale instability waves of 
ffie jet flow. The screedi tones axe generated by weak interaction of these instability waves and 
diock cell structures. The above explanations clearly suggest that the two noises are closely 
idated, both being generated by interaction between downstream propagating large tmrbulent 
j sfeictures and the quasi-periodic shock cells of the supersonic jets. 

An important aspect of the study of shock-associated noise, both discrete tone and broad- 
band, is the accurate evaluation of the shock-cell length in the cellular jet plume. Prandtl 
was the first to analyze the shock-cell of supersonic jet. He modeled the jet as a column of 
gas bounded by a vortex sheet. Later, Pack[99] gave a complete solution of the linear vortex 

jL - 

id^t jet model of Prandtl for slightly imperfectly expanded jets. He proposed a hypothetical 
^jodc-cell length Lj that corresponds to the fully expanded jet diameter Dy using a vortex-sheet 
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shock-cell model solution. 


To a good approximation, 



7r(Mj - 

where ui = 2.40483 and Dj= fully expanded jet diameter 

However, the vortex-sheet model is not valid except near the nozzle exit where the mixing 
layer of jet is thin. Better agreement especially in terms of gross features such as shock-cell 
spacing and amplitude was achieved by a model developed by Tam et aZ[96] through use of 
multiple scales method by extending the linear shock-cell solution to jets with realistic mean 
flow profile[97]. 

It is generally agreed, as has been found experimentally by several investigators, that the 
effective source is located at or downstream of the end of third shock-cell[84, 34, 104, 50, 103]. 
The shock-cell length decreases with distance downstream of nozzle due to viscous and mixing 
^ects, and its accurate measurement at downstream location is sometimes very difficult. This 
is because that at these locations the jet is often very unstable; The shock-cells axe obscured 
by turbulence in the jet, and the shocks in the shear layer are too dispersed to form a clean 
image especially at their extremities[105]. Usually an average value of shock cell length, L, 
is obtained by dividing the length of the potential core of jet by the number of shock-cells. 
PoweU[84] suggested L = 80% of Li, Norum used a value of 90% of L 3 , and Tam et aZ[95] 80% 
of Lj. A value of Uc/Vj = 0.70 ± 0.05 was used by number of mvestigators[84, 16, 95, 94]. 

2.4 Reduction of Choked Jet Noise 

Since the noise, characteristic to choked jets, is a resonance mechanism, it is clear that several 
fectors might affect the noise. Clearly the most direct method to reduce jet noise is to weaJsen 
^ shock waves[30]. This may be done either by using a divergent exit of appropriate expansion 
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ratio, or adding a gauze cylinder as an extension to the nozzle so as to permit the excess static 
pressure at the exit to leak away. 

Alternatively, it is known[30], that stream disturbances become less unstable if the free 
boundary layers are increased in thickness. Hence, a noise reduction ensues if the turbulent 
miving can be brought forward to nearer the orifice. One way of doing this is to place a series 
of notches in the exit edge of the orifice and the other is by using small radial vanes in the exit 
or teeth[30]. These alter the structure of jet as well, tending to diffuse the shock wave patterns. 
According to Powell, notches are the most practical and would not be expected to have much 
influence on engine or rocket performance. 

2.5 Motivation Behind the Present Investigation 

An elliptic geometry is intermediate between the two limiting shapes, i.e., the often-studied cir- 
cular and planer jets. Elliptic jets are quite different from the above two shapes - owing mainly 
to the fact that the azimuthal curvature variation of the vortical structure causes non-uniform 
self-induction and hence, complex three-dimensional deformations[l]. These deformations in 
elliptic structures malce them as effective pumping devices to mix ambient and core fluids res- 
ulting in higher mixing than in circular jets. This process of axis-switching which improves the 
entrainment process and hence, the jet spread is also prevalent in jet flows of triangular and 
square geometries. However, the coherent structures in these jets axe complicated, owing par- 
ticularly to the intense self-induction at sharp comers. Among irregular geometries, an elliptic 
jet is less complex and better deflned because of the smooth variation of azimuthal curvature. 
Thus, an elliptic jet leads the way to a better understanding of other irregular jets[l]. 

Earlier studies on jets emerging from non-circular geometries with comers, e.g., triangle, 
square or rectangle, showed that the introduction of sharp comers at the nozzle outlet can 
significantly increase the small-scale turbulence intensity at the corners[29, 60, 106, 5]. This 
small-scale turbrilence was generated by axial vortices formed in the comers inside the nozzle[4] 
and augmented by strong vortex bending induced by the highly curved flow at the comere[2]. 

The present work is aimed at taking advantage of both the higher entrainment /mixing 
characteristics of elliptic jets plus the presence of discontinuity in the form of notches with 
^larp comers, e.g., triangle and square. The combined exit geometry, i.e., ellipse with notch, 
is expected to have a coexistence of both large and small-scale stmctures in the flowfield. Such 
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flowfield have been observed to be advantageous for combustion processes in case of triangular 
and square nozzle jets[4]. 

Since sonic and underexpanded elliptic jets exhibit slightly higher spreading rates relative 
to rectangular jets with same aspect-ratio[21], the present arrangement of notched ellipse is 
investigated in the range of Mj=1.0 to 1.52(imderexpanded). This has been done, in particular, 
to achieve enhanced mixing and reduced noise. 

On the basis of the past studies, the present problem is outlined in the following manner: 

• Effect of notch: 

(i) In an exit geometry with uniform curvature variation(i.e. circle). 

(ii) In an exit geometry with non-uniform curvature variation(i.e. ellipse). 

• Effect of sharp corners in notch geometry for both circular and elliptic jets. 

• Effect of aspect-ratio on plain and notched elliptic jets. 

The above problems are dealt with for both mean flow and noise characteristics. Further, 
since it is aimed here to investigate the effect of these notches on mixing and noise character- 
istics, in order to avoid the effect of boundary layers as an initial condition, jets issuing from 
slots are chosen for investigation. 


Chapter 3 

Experimental Setup and Procedure 

3.1 Introduction 

This chapter describes the experimental setup, the instrumentation, and the experimental pro- 
cedure. In addition to this, the precautions observed during the experimentation and the 
accuracy of measurements are also discussed. 

3.2 Experimental Details 

3.2.1 Air Supply System 

The compressed air supply system consists of a two-stage reciprocating compressor, capable 
of delivering 360cfm air at SOOpsig. It is driven by a 3 phase 150hp induction motor. The 
compressed air is cooled by passing through an inter-cooler and then fed to a pre-filter to 
remove solid contaminants and oil-droplets. The filtering action is performed by porous stone 
candles. After passing through an activated carbon filter the compressed air is dried in a dual 
. tower semi-automatic air dryer using silica gel as desiccant. A portion of dried air is heated and 
fe used for alternate reactivation of each tower. The air dryer is followed by a diaphragm type 
pressure valve operated by a pressure relief pilot, which permits the air dryer to operate 
^ SOOpsig as the pressure in the receivers builds up firom atmospheric to storage pressure. A 
non-return valve prevents the back flow at the air dryer. Air is stored in three tanks with total 
capacity of 3000 ft^ at a pressure of 300 psig. The tunnel control section includes a scate valve 
' ft^lowed by a pressure regulating valve. The pressure regulating valve is connected to a mixing 
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Figure 3.1:Layout of the Laboratory 
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Figure 3.2; Schematic representation of the jet test facility 
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Figure 3.3; Photograph showing the experimental set up 
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Figure 3.4: Schematic diagram of nipple and moimting attaxdiments for slot jets 


length of 3 inch diameter and then to a settling chamber. The layout of the experimental high 
speed test laboratory is as shown in Fig. 3.1. 

3.2.2 Jet Test Facility 

The experiments were conducted using a high-speed jet facility which consists of a cyhndrical 
settling chamber connected to high pressure storage tanks. A schematic representation of the 
high-speed jet facility is shown in Figure 3.2. As shown, the settling chamber is connected to 
the mixing length by a wide angle diflFuser followed by three screens or closely meshed grids 
set 3 cms apart for Tninimi7ing turbulence at the slot inlet. These screens axe inserted in the 
constant area circular section of 300 mm diameter and 600 mm in length. The settling chamber 
has tapings for stagnation temperature and pressure measurements. The temperature in the 
setding chamber was measured by a mercury thermometer. The stagnation pressure in the 
settling chamber were made using a long U-tube mercury manometer. A photograph of the 

experimental set up along with the instrumentation is as shown in Fig. 3.3. 

, K: 

The compressed air is regulated via pressure regulating valve and is supplied through 
OEifi end of the settling chamber through the mixing length. The flow exits through a 100 mm 
diameter “nipple” on the opposite end of the settling chamber to which test models with desired 
•»»ometries could be attached. The area ratio between the settling chamber end plate and slot 
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is 100. Figure 3.4 shows the schematic representation of the nipple and the model mounting 
attachments for the case of slot jets. Circular Aluminium plates of 1.3 mm thickness eind 
diameter 100 mm were fitted perfectly to the end of the settling chamber using an O-ring so as 
to ensure no leakage even at very high operating pressures. The slot holder could be screwed 
to the end of the nipple to secure the test model plates firmly. 

The settling chamber pressmre Pq, which was the controlling parameter in our investigation, 
was regulated using a pressure regulating valve. 

3.2.3 Experimental Models 

The prime objective in our present investigation is to study the effect the exit geometry vari- 
ation on the development of jet. Since jet development is significantly influenced or is most 
receptive to changes in initial conditions[17], jets issuing from slots were preferred. For this 
purpose, circular Aluminium sheets of 1.3 mm thickness were chosen over which slots of desired 
geometry were made. The sheet thickness was considered to be sufficient to ensure negligible 
boundary layer growth. This caution has been exercised because it has been reported by Hus- 
sain and Husain[l] that boundary layer growth within the nozzle strongly influences the initial 
development and hence, mixing characteristics of jets. According to them, the deformation and 
evolution of large-scale vortical structures and jet characteristics are very sensitive not only to 
state of exit boundary layer but also to its thickness and spanwise uniformity. 

To study the effect of exit geometry alone, the initial condition(i.e., jet exit plane details) 
for all the nozzles must be kept the same while discontinues in the form of sharp comers are 
introduced along the periphery. Since it is practically impossible to axdiieve this condition using 
contoured nozzles of various shapes[l], the problem is, therefore, addressed by using slots which 
' are characterized by initial shear layers of practically zero boundary layer thicknesses. However, 
I fiie effect of vena-contracta typical to sharp edged slots was taken care of by smoothening the 

4 ' ' 

‘ outer edges of the slot resulting in square-edged slots so that the jet expands smoothly as it 
’ - 4oes from a contoured nozzle. This configuration was suggested by Ramjee and Hussam[107] 
^ and was found by them to be absent from the effects of vena-contracta. The slots thr^ formed 
were named as “Disk Nozzles”. 

Thrbulent jets issuing from slots are useful in number of areas of interest to engineers, 
sach as augmentation of ffirust in V/STOL[59, 108] and combustion in propulsion units[59, 
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58]. In some of these applications requiring rapid mixing, expeditious manufacturing and 
ease of installation may necessitate the use of shaxp edged slots in preference to nozzles with 
contoured upstream shaping. Another reason was that non-circular ducts with non-conventional 
geometries would complicate and increase the cost of production [58]. It was shown by Gutmark 
and Schadow[58] that orifice slot jet has large and small-scale mixing characteristics similar to 
jets with gradual contraction. This feature is important for engineering applications where the 
simplicity of slot design, especially from non-circular geometries, is advantageous. As such the 
overall characteristics of slot jets can be related to jets issuing from nozzles. Thus, it is quite 
safe to carry out investigations with jets issuing from slots. 

So keeping into consideration all these facts concluded by pre\ious investigators, we have 
carried out a study on the mean flow characteristics of jets issuing from circular and elliptic 
slots. All the slots, i.e., plain and notched, were of equal area, which is equal to the area of 
a circular slot of 10 mm diameter and thus, the equivalent diameter, De of the non-circular 
slots was 10 mm. Also for a given equivalent diameter Dg, the aspect ratio is an important 
parameter contro lling the deformation of large-scale vortical structures in elliptic jets[l]. As 
such the study was extended from small aspect ratio(2:l) ellipse to moderate aspect ratios(4:l). 

Earlier studies on slot jets were carried out for rectangular[59, 29, 60, 61, 62] and elliptic[l] 
exit geometries in incompressible range and revealed that these non-circular geometries en- 
hance mixing characteristics relative to conventional circular jet. Further, sharp comers have 
been observed by Quiim[108, 59] and Marsters[61, 62] in square and rectangular slot jets and 
by Schadow et al[3, 46, 4] in square and triangular nozzle jets to shed small scale eddies which 
induce turbulence in the region of the comer, and thereby influence the overall jet mixing char- 
acteristics. No work seems to report improving the flow from circular and elliptic slots by the 
introduction of sharp corners. Our present effort is to enhance the mixing characteristics of 
drcular and elliptic slot jets by introducing notches in the periphery. Three types of notch 
configurations were tested, they are: 


• Square 

• Triangular(vertex angle 60®) 

• Semi-circular(absence of sharp comer) 
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Figure 3.5(a): Photograph showing the experimental models: plain and modified circular 
geometries (top row); 2:1 plain and modified elliptic geometries (bottom row) 



Figure 3.5(b): Photograph showing the experimental models: 3:1 plain and modified elhptic 
geometries (top row); 4:1 plain and modified elliptic geometries(bottom row) 
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notch configuration comprises of 5 percent of the total slot area (circle or ellipse), i.e., 10 
percent of the plain geometry for notches plus 90 percent of the plain geometry for the basic 
shape. Two such notches were placed symmetrically at the minor-axis ends of the ellipse and 
at a diameter of circle as shown in Fig. 3.4. The placement of the notches on the minor-axis 
ends was done to to further enhance mixing in that plane and hence, effect the overall mixing 
in elliptic jets as will be discussed in subsequent chapters. 

The experimental models studied in the present investigation are: 

• Plain and notched circle 

• Plain ellipse with aspect ratio varying from 2 to 4 

• Notched ellipse with aspect ratio varying from 2 to 4 

The photographs of the experimental models used in the present investigation are as shown in 
Figure 3.5(a)-(b). A direct comparisons of the notched jet characteristics are made with plain 
cases for both circular and elliptic slot jets and for each aspect-ratio to study the changes in 
the flow characteristics brought about in the jet flowfield by presence of notch and by a change 
in notch geometry. 

3.3 Instrumentation 

3.3.1 Pressure Sensing Probe 

The sensing probe used for the present study for mean flow measurements was the conventional 
Pitot tube. This was done keeping in mind the fluctuating nature of the flowfield in such flows 
and also due to the fact that the core region of the underexpanded jets is shock-dominated. 
Pitot tube has been used for measuring presstue in the jet field by many researchers[8, 18, 12, 
109, 110, 13]. 

Rice and Raman[75] have reported that as the flow esiting firom their rectangular nozzle 
was supersonic, it presented considerable measurement problems in using hot-wire or hot-film 
anemometry. They avoided these difficulties by just measuring the total pressure referenced 
to the room pressure(Pa) using a simple total pressure tube. They presented the data derived 
from this raw total pressure, which would be the total pressure downstream of the bow-shock 
formed ahead of the pressure probe in supersonic flows. 
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Figure 3.6: Pressure measuring probe with dimensions in mm 


The Pitot tube used in the present investigation for sonic and underexpanded jets had an inner 
diameter of 0.4 mm and an outer diameter of 0.6 mm as shown in Fig. 3.6. This probe size 
has been arrived at after surveying the available literature in this area where this size is found 
to give satisfactory results[18, 12, 109, 110]. Krothapalli et al[67] had used a Pitot probe of 
external diameter 0.46 mm for studying the jet flow field issuing from a rectangular nozzle of 
smaller dimension 3 mm. The ratio of the probe outer diameter to the smaller dimension of the 
nozzle in their case was 0.6522. In the present study, non-circular slots were used and it was 
fotmd that the elliptic-slot of aspect-ratio 4:1 had a smaller dimension( which is the smallest 
among all the non-circular slots) of 5.0 mm and the corresponding ratio turns out to be 8.33. 
Thus, a reasonable spatial resolution was ensured. In addition to this, it was observed that 
close to the exit, i.e., for X/De=0.1, the pressure is nearly constant for 80 percent of the orifice 
width for all the cases tested. Also, the pressure obtained at the centre was within 2 percent of 
the total stagnation pressure. It can thus be considered that the magnitudes of the pressures 
obtained with this probe size relative to the orifice width, were quite accurate. 

The flow at the farthest downstream location for all models can be expected to be uniform 




CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURE 


44 


parallel to the X-direction. The use of Pitot tube close to the exit plane was considered 
acceptable because the flow divergence may not be significant enough. The probe was initially 
aligned along the jet axis to face the jet. Therefore, measurements along the jet axis was with 
proper orientation of the probe. However, the probe orientation was not changed while making 
measurements at other locations in the jet . Thus, the probe was not facing the flow, in fact the 
probe was at an angle to the flow. This will introduce some error in measurement of pressure. 
But since Pitot probe pressure measurements will be in negligible amount of error for flow 
angularities of ±20° the error by the flow angularties will not be significant and are in the 
order of ±2% [111]. 

Another point to be noted in Pitot pressure measurements is that in the supersonic core, 
what the probe measures is the total pressure behind the bow shock that stands ahead of the 
probe. Thus, it is not the actual total pressure. If the actual total pressure is required one has 
to correct for the pressure loss across the shock. But the core is wave dominated, the Mach 
number at the core is varying from point to point and also the shocks in different cells are 
of varying strength. Therefore, no attempt is made to correct the measured total pressure for 
shock loss. In fact it is a practice to use the measured pressure as such to analyze the supersonic 
jet field assuming static pressure inside the jet equal to ambient pressure[110, 75, 109, 13]. It 
has to be emphasized that in supersonic regions there is some measurement error due to probe 
interference with shock-structure and so the results in supersonic regions should be considered 
only qualitative and good enough for comparative purposes[12, 109, 110]. In all the pressure 
measurements the sensing probe stem was oriented parallel to Y-axis with the sensing probe 
facing the jet axis. 

Since we are dealing with high stagnation pressures, a long column U-tube mercury mano- 
meter was coimected to the pitot tube. The controlling parameter in our experiments is the 
stagnation pressure Pq in the settling chamber and was regulated by means of a pressure reg- 
ulating valve. During the experimental runs, the settling chamber pressure was measured by 
another long colmnn U-tube mercury manometer. The accuracy of the measured pressures is 
± 3 percent. The room temperature was measured during the experimental runs by a ther- 
mometer. The day to day changes in ambient pressure, Po, were measured by a mercury 
barometer placed in the laboratory and averaged over the duration of experiment. 

The movement of the sensing probe(i.e, Pitot tube) was facilitated by a three-dimensional 
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traversing system having 6 degrees of freedom that was driven manually and having a least 
count of 0.1 mm in linear motion and of 0.5 degrees in angular motion. A cartesian co-ordinate 
system(X,Y,Z), defined in Fig. 3.2, was employed with its origin located on the centreline of 
the slot. The accuracy of traverse movement in X, Y and Z directions was ± 0.1mm. 

3.3.2 Sound Measuring Instruments 

In addition to the study on mean fiow characteristics of plain and notched jets, a detailed noise 
study was carried out. For this purpose, a | inch Larsen and Davis microphone and 800B Model 
sound level meter is used to obtain the jet noise measurements. The accuracy, according to 
the manufacturers specifications, is within ±0.3 dB in the range of 20 Hz to 20 kHz. The sound 
level meter was calibrated using a Larsen and Davis CA250 precision acoustic calibrator with 
corrections for day to day changes in atmospheric pressure. 

While carrying out the noise measurements, 800B sound level meter can be stopped and 
started any number of times. It incorporates parallel integration mode(rms) and peak mode 
detectors which can be read alternately without data interruption, during or at the conclusion of 
an integration sequence. It has five selectable settings with a large overlap area between ranges 
30-90, 50-110 and 80-140 dB. The sound level meter has provisions of frequency weighting 
filters, i.e.. A, C-weight, flat and high pass, and detectors, i.e., fast, slow, impulse, peak with a 
rise time of 20psec, integrate. The instrument is capable of operation in the temperature range 
of -10 to +50 °C and humidity of 0 to 90 percent. 

3.3.3 Anechoic Chamber 

The jet noise measurements were carried out in a (2 x 2 x 3 m)anechoic chamber developed in 
the lab details of which are available in [112]. The chamber was mounted on wheels so that it 
could be moved to house the jet facility dmring noise measurements. The chamber had a door 
to enclose the open jet portion of the test facility and a window to allow the jet air to exit 
ihe chamber as shown in Fig. 3.7. A 3 inch thick pol 3 Tirethene foam(PUF) formed the inner 
layer of the chamber. The outermost layer of the inner walls was covered by wedges made of 
I inch PUF and housed in foam boxes as shown in Fig. 3.8. These boxes were mounted on 
a wire mesh fixed ahead of the irmer PUF layer. An air gap was thus provided between the 
two layers of foam used. Several such boxes containing the wedges were also used on the floor 
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Figure 3.7 : Schematic diagram showing the cross-sectional view of the anechoic chamber 


Figure 3.8 : Photograph showing the inside view of wedges in the anechoic facility 
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Figure 3.9 : Photograph showing the anechoic facility 


of the chamber during the experimental runs so as to prevent sound reflection from the floor. 
The chamber satisfied anechoic conditions in the range of 16De to 80e and at frequencies of 
630 Hz and above. Therefore, the experiments were conducted in this range to ensure free field 
conditions. Figure 3.9 shows the photograph of the anechoic chamber. 

The traverse used for radial directivity was also covered by thin sheets of foam and boxes. 

3.3.4 Spectrum Analyser 

A dual channel AD3525 fast fourier transform (FFT) spectrum analyser was used for obtaining 
the spectral characteristics of jet noise. The spectrum analyser had a frequency range up to 
50 kHz. Output from the sound level meter is fed into the FFT analyser. Instantaneous spectra 
could be obtained with the analyser during the test runs. 

The analyser is capable of operation in the temperature range of 0°C to 40° C and relative 
humidity of less than 85 percent. 
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3.3.5 Pressure Transducer 

A Pressure Systems pressure transducer, model number 9010, was used for the sound analysis 
part of the investigation. This was done because study was to be carried out for higher pressures 
at which U-tube Mercury manometers become unmanageable. The transducer had an averaging 
rate of 250 samples per second and capable of operation up to 300 psi. The transducer had 
16 channel pressure measuring devices with true differential (reference per channel) or common 
reference pneumatic manifolds and could be operated in temperatures ranging from -20°C to 
+60‘’C and 95 percent humidity. 

The transducer is provided with a 9000 Start-up software that can be executed on any 
EBM-PC compatible computer. The software has an option of measuring pressures in different 
units, e.g., inches of water. Inches of mercury, kPa, Mbar, bar and Atmosphere. Before a test 
run is carried out, a rezero function is activated to null the transducer offset drift errors. The 
transducer had a measurement resolution of ±0.003 and the readings were accurate up to ±1 
percent. 


3.3.6 Shadowgraph System/Flow Visualization 

A conventional shadowgraph system is used to capture the overall features of jet shock- 
structure, i.e., average shock-cell length, Lavg, its shape, as it exits from geometries with 
varying shapes and notch configurations. The system uses one 250 mm diameter concave mir- 
ror in conjunction with air-cooled mercury spark light source. The image is captured on a 
screen that allows continuous observation of the shock flow in the open test-section during the 
nm. Later photographs of shadowgraph images of the shock structures were taken using a 
camera. 

3.4 Experimental Procedure 

3.4.1 Test Conditions 

The investigation was carried out for two conditions: (1) Correctly expanded jets, with sonic 
velocity at nozzle exit (2) Underexpanded sonic jets at Po/Pa of 2.835 and 3.86 corresponding 
to level of underexpansion of 1.5 and 2.0, respectively. The Reynolds number based on the 
equivalent diameter and the equivalent exit velocity (based on Mj) for the two conditions ranged 
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from 2.36x10® to 3.54x10®. All the tests were carried out at a room temperature of 30 °C and 
730mmHg of pressure averaged over the time talcen for the completion of experiments. The 
variation in temperature was less than 0.1 percent and that for pressure about 2 percent. The 
pressure(Pt) was measured with an accuracy of ± 3 percent. 

3.4.2 Shock-Structure and Centreline Pressure Decay 

For the purpose of measuring the centreline pressure decay for both sonic and sonic under- 
expanded jets, the Pitot tube is moved from the exit of the slot in the downstream direction 
the pressures at various axial locations were recorded. For the fully-expanded jet, the 
measured Pitot pressure corresponds to the stagnation pressure Pt of the jet flow fleld at the 
point of measurement. For underexpanded conditions, however, m the supersonic regions of 
the jet, the measured stagnation pressure Pt 2 corresponds to the stagnation pressure behind 
the standing bow shock in front of the pitot tube. Nonetheless, the data are accurate enough 
to capture the overall features[12], e.g, the number of shocks and their spacings. However, in 
the subsonic regions of the jet, there is no shock/probe interference and the data represents 
the actual stagnation pressure[12, 109, 110, 13]. The results in the supersonic regions should, 
therefore, be considered only qualitative and good enough for comparison purposes[12, 13]. 

For underexpanded conditions, the measurements were not made at predetermined axial 
locations but at locations where maxima and minima in Pt 2 were observed. The data is obtained 
upto 30De in order to have an idea of the decay and hence, the mixing characteristics of the 
jet once the end of the core is encountered. Any decline in Pt 2 is indicative of the presence of 
shock termination and an increment in Pt 2 , the cell itself showing expansion[71]. 

Further, it is worth pointing out that the present work on slot jets has the absence of vena 
contmcta effect as is generally the case with orifice fiows. Hussain and Husain[l] observed in 
their experiments on elliptic orifice jets that the issuing jet formed a vena contracta downstream 
of the exit plane. The formation of vena contracta^ in their case, mcreased the jet centreline 
velocity Uc downstream of the jet exit plane by about 50%, thereby delaying the decay. It 
may be noted that Hussain and Husain[l] used sharp-edged orifice, whereas in the present 
investigation, square-edged orifices of disk nozzles have been used. Earlier studies by Hussain 
and Ramjee have shown that vena contracta effect is absent in file case of disk nozzles. This 
^pports the absence of vena contracta effect in the present orifice jet results as will be seen in 
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scabsfc.eq'ment chapters. 

3..4, .3 Iso- velocity C<)ii.t>urs and Entrainment 

WDOBbtaain a picture of the jet structure as it grows in the YZ-plane at various axial locatious, 
iS'ie-vwelacity contours have been obtained from the grid study as proposed by Marsters[61] and 
(jgiiirtn[.M]. Pitot pressures ar« noted at various grid points in a quadrant of the dowdieLd 
b*ecawis «e of the syminetric placement of the notches. The data is reduced to velocities in loth 
su^ietsonic and subsonic parts of the jet by using the well known isentropic relation 


is equal to 1.4 and P t is the measured pitot pressure and is the local static pressure. 
Dias rielation is useci with the assumption that the local static pressure inside the jet is the 
iumbdecit pressure so as to provide comparative values of iso- velocity contours. The approxim- 
aJicr-uLnnproves as we move doiunstream into the subsonic regions[75]. The following procedare 
is blbiwed while taking pressuae measurements: 

firstly, we take the centreline pressure decay data(up to 30De). 

•• And secondly, from the plots of shock-structure variation and centreline pressure decay, 
axial locations are deten n iaed at which grid study is to be carried out for the purpose of 
obtaining iso-velocity contours and hence, entrainment plots, e.g., near exit of nozzle, in 
Tietween shock-cells at two locations, end of potential core and some other locations mp 
fro 30De. 

In the case of sonic underescpanded jets, for the first axi al three locations at which the grid 
astiicadj is carried out, the total pressure probe passes through a complex shock-cell system and 
fedeMtefore, the data should be "viewed as being qualitative[75, 109, 13]. P\xrther downstireami, 
©nosefehe flow becomes smbscnic everywhere, the measurements are more reliable. The resmlts 
E)reaasented in this study are mostly of comparative nature{compairison of notch geometry effect) 
Wnce, the inferences maHs out of the results may be considered reasonably relevamt to 
BceaOstic and practical sitnatioms. 
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Prom the above data the entrainment calculations were carried out. The mass-flux ratio 
which is used here as an indicator of jet mixing enhancement is obtained using the Pitot tube 
data and is calculated as follows: 


m _ /• y {pU)dydz 

TTlg J J 


where, 


pU _Ps M + 

PeUe ~ \l + 0.2Ml) 


jKkA l2g£94 


The mass-flux values have been obtained by integrating the velocities across the w'hole jet 
cross-section with the assumption of static pressure inside the jet field equal to the atmospheric 
pressure. The assumption improves as we move downstream where the flow becomes subsonic. 
This calculation method described above was used previously by Zaman et al[Zaman94] and 
more recently by Taghavi and Raman[109] and Raman and Rice[110]. Here too it may be em- 
phasized that for X/Dg < 5, the data is good enough to provide comparative values[Taghavi94, 
Raman94]. The uncertainties in the mass-flux calculation is ±7 percent. The tmcerrainty in 
centreline pressure measurement is ±6.16 percent(considering measurement up to 15De). 

The Y and Z-axis of the slot geometry were carefully aligned parallel to the Y and Z-axis 
of the traverse. The experimental data for mass flow calculation was enquired in one quarter 
plane of the jet flowfleld starting from the centreline. The measurements were made in the 
form of a grid in the Y-Z plane with a uniform step of 1 mm. These grid measurements were 
made at various axial locations starting from close to nozzle exit up to SODg. The sjmmetry 
of the flowfleld for all the cases of slots was ensured and foimd to be valid within ± 5 percent 
by measurements on both sides. Therefore, to avoid repetition of noeasurements, the grid data 
was tahen on one side, i.e., a quadrant, and extended to the whole flowfleld assmning symmetry 
of flowfleld about Y and Z-axis. It is emphasized that sufficient number of data points were 
taken to define the jet cross-section, i.e., approximately 40 points in the exit plane(X = 0.5Dg) 
to 400 points at 15Dg. 
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3.4.4 Shock-Cell Length Measurements 

A simple non-intmsive technique for measurement of shock-cell lengths has been carried out. 
A sharp tipped pointer was attached to the traversing system and positioned in such a way 
that it was exactly at the slot exit plane, but sufficiently away from the flowfield so as not 
to be of any disturbance to flow. The shadowgraph images of the underexpanded jets were 
captured on a screen along with the pointer. The angle made by the light source with the 
parallel beam reflected from the mirror was kept less than 5 degrees ensuring proper accuracy 
of the quantitative measurement of shock-cell length using shadowgraph images in conjunction 
with the pointer and the traverse arrangement. Thereafter, the pointer was moved parallel to 
the jet axis from the beginning of each shock-cell to its end with the movement of the pointer 
being constantly monitored on the screen. The distance traveled by the pointer for each cell 
was measured by the movement of the traverse. Knowing the total length of the repetitive 
shock-cells, up to four shock-cells, the average shock-cell length was calculated for calculating 
the predicted values of Strouhal number. 

3.4.5 Strouhal Number and Screech Tone Frequency 

The screech tone frequency, fj, of the underexpanded jets can be approximately predicted from 
the measured average shock cell length, Lavg- The expression for f, given by Tam[113] is as 
follows: 


r 

2^(1 -|- Uco( Ocxj) 

where ki is the fundamental(the smallest) wavelength of the shock cell system, Uco is the 
convection phase velocity of the large-scale instability waves of the flow and ajnf is the ambient 
speed of soimd. Uo; is assumed, as in literature[105, 113], to be equal to O.TUj. The smallest 
wave number ki may be obtained from the measured shock cell spacing, using the relation 


^avg “ 27r//bi 
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Thus, knowing the value of ki from the above equation(with the value of L, substituted 
as the measured average shock cell length, Lauj), the screech tone frequency can be predicted. 
Further, the Strouhal number for the corresponding screech frequency can be calculated as 


St = 


fsDe 


3.4.6 Jet Noise Measurements 


Jet noise directivity measurements of the sound pressure level(SPL) (R,0) with the ambient 
fluid at rest are usually made with the microphone placed on a circle with radial distance 
R from the center of the nozzle/slot exit plane as a function of the polar angle 9 to the jet 
axis[114]. The noise measurements by Lush[115] of an unheated subsonic jet were performed 
at R/De=120. Ahuja[116] also measured the noise of unheated jets at subsonic Mach num- 
bers at three distaiices,i.e., R/De=25, 30, 47. Though these distances were considerably closer 
than those of Lush, he ruled out any spurious near field effects in the low frequency regime 
by comparing the results at R/De=25 and 47. The measurements with heated and unheated 
supersonic jets reported by Tanna[66] were made at an intermediate distance, R/De=72. Many 
other investigators carried out far field jet noise measurements at distances ranging between 25 
to 100[10, 117, 79, 103, 17, 118, 119]. Taking into consideration the above measurement condi- 
tions, the following schedule was adopted in the present investigation for fax field measurement 
of jet noise: 


• It is known that the second harmonic of screech peaks at 90®, while the first harmonic 
peaks at an angle of 150® from the jet axis[16, 10, 76]. As such spectrum analysis is made 
at an angle of 150® to the upstream jet axis with the microphone placed on a circular 
arc of radius R/De=50 from the center of the jet exit plane. Instantaneous spectral plots 
were obtained at two exit Mach numbers, Mj=1.0 and 1.5 only in the notched plane. 

• The overall sound pressure level(OASPL) data is obtained with the microphone posi- 
tioned at two polar angles, 5=90® and 150® to the upstream jet axis and at R/De = 50 as 
shown in Fig 3.10. Figure 3.11 shows a photograph of the arrangement. This was done 
since it is seen from literature that mixing noise is radiated at polar angle of 90® whereas 
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Figure 3.10: Orientation sketch for sound measurements. Microphone position for 
azimuthal directivity measurements, r/De=24, 0=90®; Broadband shock noise measure- 
ments, R/De=50, ^=0®, 0=150® 


Figure 3.11: Photograph showing the microphone position during OASPL meastire- 


ments 
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Figure 3.12: Photograph showing the microphone position during azimuthal sound 
measurements 


Figure 3.13: Photograph showing the microphone position during radial sound meas- 



urements 
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Figure 3.14: Orientation sketch for radial sound measurements 


the broadband shock associated noise at 150‘’[66, 76, 33]. Further, for a fixed value of 
$, the jet Mach number is varied for different levels of underexpansion starting from 
Mj = 1.15 to 2.0 by varying the stagnation pressure inside the settling chamber. The 
measurements were carried out in both notched and unnotched planes. 

• For azimuthal directivity measurements, the microphone was mounted on a Aluminium 
quadrant of radius 24De and held in the exit plane with a rod moimted on a tripod 
stand. The Aluminium quadrant was fabricated in such a way that the microphone could 
be moved at an angular interval of 10 degrees. Fig. 3.10. After measurements were 
carried out in half quadrant of the exit slot geometry, the slot geometry was adjusted for 
the other quadrant so as to span one half of the slot geometry. Measurements are once 
again made for Mj = 1.0 and 1.5. Figure 3.12 shov^ a photograph of the arrangement 
during azimuthal noise measurements. 



CHAPTERS. EXPERIMENTAL SETUP AND PROCEDURE 


57 


• Jet noise is a strong function of the observer angle and therefore, exhibits directivity 
characteristics. As such, measurements are carried out to study the radial directivity 
characteristics in the aft quadrant, as defined in Fig. 3.14, for 6 > 90® up to 160° in both 
notched and unnotched planes of the cases investigated. The microphone is mounted on 
angled brass rod which in turn is fixed to the traverse as shown in Fig 3 13 so that the 
microphone moves in a circular arc of radius 24De. The movement of the microphone is 
controlled by a rotating knob in the traverse which helps to move the microphone in an 
arc in the aft quadrant, Fig.3.13. Measurements are carried out at an angular interval 
of 5 degrees and at two exit Mach numbers, Mj = 1.0 and 1.5. Figure 3.14 shows an 
orientation sketch for radial soimd measurements. 


3.5 Experimental Precautions 

The following precautions were taken into consideration while carrying out the experimental 
investigation: 

• The settling chamber was carefully aligned in the horizontal direction so as to ensure a 
horizontally aligned flow. 

• Wire mesh screens were placed inside the settling chamber to reduce the disturbances at 
the nozzle exit and to a settled equilibrium. 

• The probe was carefully aligned with the flow direction parallel to the Y-axis of the slot 
geometry, facing the nozzle exit. 

• The apparatus was placed in a large room with constant ambient temperature. 

• The distance from the apparatus to the nearest wall was about 250 cm. Therefore, the 
wall eflfect during the experimental measurements was negligible. 

• Before the experimental runs, leakage test was performed so that the experimental set 
up was leak free even at the maximum working pressure. 

• The stagnation pressure and the air flow rate in the settling chamber were kept constant 
during the experiments by adjusting the pressure regulating valve. 
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• All the jet noise measurements were made inside an anechoic chamber, ensuring that the 
external noise is not influencing the measurements. Further, all the noise measurements 
were made during night time so that the environment was quiet. 

3.6 Data Accuracy 

The uncertainty analysis [120] was carried out to find the accuracy of the data in the present 
investigations. The procedure adopted for the imcertainty analysis is described in the Appendix. 

The possible sources of error in the present investigation axe due to linear movement of 
traverse along X, Y and Z directions, the settling chamber stagnation pressure measuring 
manometer, in measurement of pitot pressure in the jet field, noise measurements using sound 
level meter, and shock-cell length analysis using the traverse. The traverse is provided with 
a vernier scale with a resolution of 0.1mm. Hence, the accuracy of traverse movement along 
X, Y and Z directions was ±0.1 mm. The pressure measuring manometers were provided with 
graduations with a resolution of 1mm. All the pressure measurements were accurate up to 
± 1 min of mercury column and all the measurements were found to be repeatable within ± 3 
percent. For noise measurements, the accuracy of sound level meter readings, according to 
manufacturers specifications was within ± 0.3 dB in the range of 20 Hz to 20 kHz. The shock- 
cell lengths measured were accurate up to ± 2%. The measured OASPL were accurate up to 
± 0.3 dB. To ensure this the sound level meter was calibrated everyday with th CA250 precision 
acoustic calibrator. 

Finally, although great care was taken in Pitot pressure measurements, the possibility of 
some inaccuracy in these measurements, in a highly turbulent and three dimensional flow field 
as in the present case cannot be ruled out. But it may be assumed justifiably that this slight 
inaccuracy may not effect the results significantly as the results are primarily of comparative 


nature. 



Chapter 4 

Circular Slot Jets 

Effect of Notch and Notch Geometry on the Mixing and Noise 
Characteristics of Free Jets from Circular Slots 

4,1 Introduction 

Supersonic jets show low spread rates than their subsonic counterparts. This becomes a serious 
disadvantage in applications like supersonic combustion where efficient mbdng over a specified 
axial distance is crucial. When a jet is operating at off-design conditions, this effect is further 
aggravated due the presence of the repetitive shock-cell structure in the core region. With the 
increasing interest in the oncoming Supersonic Transport (SST) projects, the study of jet charac- 
teristics and its related problems has received considerable attention and enthusiasm. The most 
challenging task till date remains the suppression of noise of a supersonic/underexpanded jet. 
However, in addition to noise reduction other characteristics like minimal thrust loss and higher 
mixing rates should be maintained. The presence of large-scale vortical structures in supersonic 
flows [64, 98] have opened up avenues of possible shear-flow control in this regime. In addition 
to the large-scale structinres, which are primarily responsible for entrainment(bulk-mixing), 
mixing at fine-scale level is necessary in processes like combustion. Thus, enhancement in the 
jet characteristics can be achieved by the careful breakdown of the large-scale structures into 
small-scale eddies through longitudinal and azimuthal instabilities at the nozzle exit plane[3]. 

Various methods of passively improving the jet characteristics have been reported in lit- 
erature. Since jet characteristics are most receptive to dianges in initial conditions, exit geo- 
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metry variation plays a dominant role in the development of both low[3, 61, 62, 59] and high- 
speed[Wlezien88] jets. From literature it is seen that jets from non-circular geometries[3, 29, 
60, 61, 62, 59, 1] result in enhanced mixing, a characteristic making them fax superior to the 
conventional circular jet. This is attributed primarily to the axis-switching phenomenon as- 
sociated with the distortion of the large-scale vortical structures caused by the non-uniform 
azimuthal curvature variation resulting in a non-uniform self-induction process [1, 63]. Im- 
provement in fine-scale mixing have been observed by Schadow et al[3] in triangular nozzle 
jets wherein the small-scale eddies shed from the sharp corners induce turbulence near the exit 
plane, thereby interacting strongly with the large-scale vortices shed from the plain sides. Some 
similar observations have been made for square and rectangular slot jets[121, 59]. Thus, the 
regular breakdown of the coherent structures by the process of vortex dynamics[3] can be used 
to modify the fiowfield as per need of application. As such they are preferred wherever effi- 
cient mixing is crucial e.g., combustion chambers, exhaust nozzles of propulsion units, chemical 
reactors etc. 

Flows from modified circular/ axis 3 mametric nozzles have been studied by a number of in- 
vestigators. Gross distortions in the jet structure have been observed using intrusive means in 
circular jets e.g., tabs both in subsonic[7] and supersonic regimes[66, 16, 68, 71]. Bradbury[7] 
observed that the introduction of rectangular tabs in the nozzle perimeter introduces circum- 
ferential variations in the jet fiow angle and produces profound effect on the jet development 
by splitting the jet field into two high velocity regions on either side of the diameter joining the 
two tabs. The gross distortions bring about increase in entrainment into the jet. Introduction 
of tabs in supersonic jets help to weaken the shock-structure considerably and hence, elimin- 
ates screech as seen by Norum[16] and Krothapalli et al[67]. However, the use of tabs to some 
extent adversely effects the overall thrust. As such non-intrusive means are preferred. A study 
of notched circular(fish-tail configuration) jet[8] revealed a much higher spread in the notched 
plane with the shedding of vortices from the edges of the notches. This vortical structure is 
found to act as a shielding device to the shock-structure resulting in noise reduction. Norum[16] 
and Krothapalli et al[18] used fingers/slots in the nozzle parallel to the jet axis. The pressure 
relieving effect of the fingers/slots greatly weakens the shock-structure and hence, reduces shock 
associated noise. However, the pressure relieving effect of fingers/slots, again results in thrust 
loss. 
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The present chapter aims at understanding the changes introduced by the presence of a 
discontinuity in the form of a notch in circular slot jets for the purpose of enhanced miving and 
noise reduction. Two such notches are symmetrically introduced along a diameter of the circle. 
A direct comparison of the jet characteristics are made with a plain circle of same equivalent 
area to study the changes brought about in the jet flowfield by notches when introduced in a 
geometry with a uniform azimuthal curvature variation. Although a plethora of study on circu- 
lar jets have been carried out, no work seems to report the effect introduced by notch geometry 
variation on the mixing and noise characteristics of sonic underexpanded circular slot jets. Such 
sharp corners have been observed[3, 121, 59] to improve the flowfield considerably near the exit 
plane, and so these initial instabilities are also expected to enhance mixing in circular slot jets 
as well. The effect of notches on far field shock associated noise is also investigated. Since the 
source of noise has been reported by Hanmiitt[104], Glass[50] and Krothapalli[18] to be located 
approximately at the end of third shock-cell, weakening the shock-structure with variation in 
notch geometry may help to reduce the shock noise of sonic underexpanded circular slot jet. 

4.2 Results and Discussions 

4.2.1 Iso-velocity Contours 

Figures 4.1(a)-(d) show the iso- velocity contours for a plain circular slot jet as it develops 
in the downstream direction. The figures show smooth contours indicating the absence of any 
discontinuity in either X-Y or X-Z planes. However, the shape gets distorted from the expected 
circular shape as the jet propagates downstream. This may be due to the asymmetric shear 
activity, along the periphery of the jet core where active entrainment is taking place, which 
need not be symmetric even though the slot geometry is symmetric. However, this is not very 
important since the prime importance here is to have a comparative study for cases when notch 
is introduced. Let us now observe the effect of notch introduction in the circular slot periphery. 

Figures 4.2(a)-(d) show the iso-velocity contours for the square notched/modified circle at 
I*e/Pa=l-0, i.e., Mj=1.0. In these plots the local velocity U is normalized by the exit centreline 
velocity Uc. The presence of the notch in circular geometry makes it slightly non-circular with 
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Figure 4.2(a)-(<i): Iso-velocity contours for square notched circular jet, Mj=1.0 
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Figure 4.2(e): Cartoon showing the cross-sectional growth of a notched circular jet 


its major-axis along the notched plane, as shown in Fig. 4.2(e), resxilting in an equivalent 
elliptic jet. In other words, a slight aspect-ratio in introduced in the modified circular slot 
geometry by notch presence. Designating the notched/modified (X-Y) plane as the major-axis 
plane and the unmodified(X-Z) plane as the minor-axis plane of the modified circular geometry, 
as shown in Fig. 4.2(e), it is observed firom Fig. 4.2(a)-(b) that at X/De=5.0, the two axis 
interchange/switch, i.e., the initial(designated) major-axis becomes the new minor-axis and 
vice-versa. In other words, an axis switching is observed as is typical to jets issuing from non- 
circular exit geometries. This feature is totally absent in plain circular jets owing to symmetry 
of geometry about the jet axis(Fig. 4.1). The sharper curvature at the location of the notch 
relative to the remaining portions of the slot results in the local bending of the vortex and 
hence, causes self-induced azimuthal deformations which is responsible for axis-switching and 
enhanced mixing in non-circular jets[l]. 

Due to the uniform azimuthal curvature of circle the jet grows uniformly outward in the 
unnotched plane. However, the slight aspect-ratio introduced by the notches causes the jet 
to grow slowly along the notched plane(i.e., the designated major-axis for tiiis case) with 
a simultaneous bulging/spreading along the unmodified(X-Z) plane. The above process is 
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Figure 4.3: Iso-velocity contours for triangular notched circular slot jet, Mj=1.0 

illustrated through Fig. 4.2(e) skowingthe cartoon of the cross-sectional growth of the modified 
circular or equivalent elliptic jet. As seen, the first switch in axis occurs in the unnotched/minor- 
axis plane of the modified circular geometry. This is the major difference that is brought about 
by the presence of notch in a geometry with uniform azimuthal curvature variation, compared 
to notches in a geometry with non-uniform curvature variation(i.e., ellipse), as will be seen 
later in chapter 5. This axis-switching phenomena in the non-circular jets is responsible for 
higher bulk mixing[20, 1] and hence, higher entrainment. 

Let us now observe the change introduced by the triangular notch in circular exit geometry. 
Figures 4.3(a)-(d) show the iso-velocity contours for a jet from a circular slot with triangular 
notches. It is discernible from the plots that at X/De=0.5 and 2.0, with the introduction of a 
sharp corner in the form of the vertex of an equilateral triangle, the growth along the major-axis 
side(notched plane) is delayed because of the restricted growth at the vertex of the triangular 
notch. As a result only the pressure relief along the flat sides of the triangular notch effects 
the growth resulting in a squeezing of the jet along these sides as is seen in figure 4.3(b). The 
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Figure 4.3(e): Cartoon showing the jet development from triangular notched jet 

process is elucidated in the cartoon developed from these contour plots in Figure 4.3(e). This 
squeezing seen at X/De=2.0 is distinguishable relative to the jet growth along the unnotched 
plane. Since the restricted growth at the corners may be due to the generation of small-scale 
structures[58, 121, 59], and entrainment is primarily due to large-scale structures or bulk- 
mixing therefore, this particular notched jet is expected to show lesser entrainment relative to 
square notched jet. 

Semi-circular notch on the other hand due to absence of any sharp comer in it shows 
the absence of restricted growth in the notched plane and as such grows like a typical non- 
circular jet. Figs. 4.4(a)-(d). The major-axis side(notched plane) grows uniformly as is seen 
by flat contours along X-Y plane at X/De=2.0. Moreover, the squeezing eflfect observed in 
triangular notched jet is not seen here. Beyond X/De=2.0, the jet grows in a fashion similar 
to other notched jets. However, the absence of sharp comers in this notch geometry ex;pedites 
axis-switching relative to triangular notched jet where the restricted growth at the vertex of 
notches(major-axis ends) delays this phenomena. 

Thus, square notch which has a better pressure relieving effect in the three directions along 
with generation of secondary motions initiated at the comers[29, 61, 5, 59, 3, 46, 4] and is 
expected to entrain more than the semi-circular notch which has an absence of sharp corners 
in its geometry. Whereas triangular notched case with a vertex angle of 60® is not expected to 
be benefleial from the view point of bulk-mixing for reasons stated above. 
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Figure 4.4: Iso- velocity contours for semi-circular notched circular slot jet, Mj=1.0 


Figure 4.5(a) shows the entrainment plot at correct-expansion for the above cases. In 
these plots the local mass-flux is subtracted from the mass-flux at the slot exit and then nor- 
malized by the mass-flux at the slot exit. For comparison Samimy et ol[12] data for two 
tabs in circular nozzle jet at Mj=0.5 is included, i.e., to observe the difference between 
the entrainment nature of the nozzle and slot jets along the jet axis. Relative to the plain 
circular-slot jet, considerable increase in entrainment is observed when notches are intro- 
duced. It is discernible from the plot that square notched jet shows a higher value of en- 
trainment followed by the semi-circular notched jet. Relative to the plain circular jet at 
X/De=5.0, square notched jet shows an increase in entrainment value by 500% followed by 
semi-circular notched jet with 400% increase. At 15.0De, the increase is 67% and 25% for 
square and semi-circular notched cases, respectively. Thus, in the initial region of the jet 
where there is a dominance of large-scale structures[ll], the local entrainment shows an increase 
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Figure 4.5: Entrainment comparison for plain and notched circular slot jets at (a) Mj=1.0, 
(b) Mj=1.5 
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in value relatively whereas its value comes down at a downstream location, e.g. at X/De=15.0. 
Thus, square and semi-circular notched jets seem to have a dominance of bulk-mixing in the 
near region of the jet relative to plain and triangular notched jets. The triangular notched jet 
however, shows a lesser value of entrainment relative to plain circle. This may be due to the fact 
that though a slight aspect-ratio is introduced by the notches, the presence of a sharp cornered 
notch (triangle with vertex angle of 60°) restricts the growth of the jet and hence, prevent the 
roll of uniform vortices in that plane. This is in confirmation to Schadow et aZ[3] and Gutmark 
et aZ[46, 4] study that decreasing the vertex angle of triangular jet increases fine-scale miying at 
that corner region, thereby greatly restricting bulk mixing in that region. However, increasing 
the corner angle in the notch to 90° and above(semi-circular notch) reduces the restricted 
growth in the notched plane and hence, results in higher bulk mixing. Thus, notches seem to 
be effective in circular-slot jet at correct expansion. 

Figure 4.5(b) shows the entrainment comparison for the cases at Mj=1.52. The effect of 
notch geometry at underexpansion is clearly seen. For comparison Samimy et aZ[12] case of 
two tabs at Mj=1.63 is also included. It is observed that in the underexpanded condition 
the semi-circular notched jet shows a higher value of entrainment followed by square notch. 
Relative to the plain circle, at SDg, semi-circular notch case shows an average of 350 % increase 
and square notch case approximately 125%. At 15De this value comes down to 80% and 
40% for the two cases, respectively. Triangular notched jet once again, however, shows lesser 
entrainment relative to the plain case. Thus, it is clear that the geometry of the notch has a 
strong influence on the miying characteristics of circular slot jets. The sharper is the comer in 
the notch, less favourable is the jet bulk mixing[3, 4]. The above process is clearly illustrated in 
Fig.4.5(a)-(b) where the semi-circular and square notched jets show higher large-scale mixing 
and hence, higher values of mass-flux ratios. Further, in underexpanded cases a lesser restricted 
growth at the slot exit is beneficial since it increases the pressure relieving effect. As such, the 
semi-circular notch shows a higher entrainment than square notched jet at Mj=1.52. 

Since a sharp comer initiates the generation of small-scale discontinuities thereby restricting 
the growth of unif orm vortices in that plane[3, 4], the sharper is the notch angle, the more will be 
the restricted growth of uniform vortices in that plane and hence, lesser the entrainment of that 
jet[46, 4]. However, a larger angle of the comer in the notch causes a lesser restricted growth 
of large-scale vortices in that jet near the exit plane thereby resulting in higher entrainment 
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for square and semi-circular notched jets. This explains the observations in entrainment plots. 
However, for noise reduction the presence of small-scale structures neax the slot-exit is necessary 
for a weaker shock-cell system[30, 84]. This aspect is discernible later in the noise investigation 
of these cases. 

Let us now observe the effect of Mach number on entrainment. Figure 4.6(a) shows such a 
plot. For Samimy[12] case of two tabs, a considerable decrease in entrainment is seen as the 
jet Mach number is increased from 0.5 to 1.63. This is primarily due to compressibility effects 
creeping in at high Mach numbers[49] plus the presence of shock-structure m the jet core which 
further delays mbdng. For the present modified circular geometries, square notched jets show 
a slight reduction in entrainment values as Mj is increased from 1.0 to 1.52. However, semi- 
circular notched jet shows a reverse trend showing an increase in entrainment with increase in 
M_j indicating the dominance of bulk-mixing and better pressure relieving effect of this notch 
geometry. This is a favourable characteristics from the viewpoint of underexpanded jets. 

Figure 4.6(b) shows a cross-plot of entrainment versus Mj. It is seen that as Mj is in- 
creased, the local entrainment shows a decreasing trend at all the downstream locations under 
consideration. However, for semi-circular notched case, an increase in entrainment is seen with 
increasing Mj. 

Thus, the geometry of the notch introduced in the periphery of a circular-slot jet has a 
strong influence on the entrainment characteristics and that the angle of the corner in a notch 
is a strong parameter controlling mbdng in these jets. 

4.2.2 Pressure Profiles and Jet Spread 

The changes introduced by the presence of notch on the spread characteristics of circular- 
slot jets is investigated. Here, the pitot pressure P* is divided by the stagnation pressure Po 
and plotted against the non-dimensionalized lateral distance, Y/De or Z/Dg. The effect of 
notch geometry on the jet spread and growth can be seen clearly in the pressure profiles at 
various axial locations(X/De) in both notched and unnotched planes. Figure 4.7 shows the 
comparison of semi-circular notch and triangular notched circle at Mj=1.0 as the jet grows in 
the downstream direction. It is clearly seen from the plots that beyond IDg the shear layer 
for the semi-circular notched jet penetrates faster towards the jet centreline as is indicated 
by a steeper pressure profile at 3.0De. This indicates an earlier switching of axis for this case 
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Figure 4.6: Plots showing (a) the effect of Mach number on entrainment, (b) cross-plot of 
entrainment versus Mj 
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Figure 4.7: Comparison of the pressure profiles of semi-circular and triangular notched cir- 
cular jets, Mj=1.0; Semi-circular notch: X-Y/notched plane •, X-Z plane o; Triangular notch: 
X-Y/notched plane A, X-Z plane A. 
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which is responsible for enhanced niixing[l] as is also indicated by increased entrainment in 
Figure 4.5(a)-(b). For triangular notch on the other hand, the penetration effect due to notch is 
almost absent because of the restricted growth at the vertex of triangle reducing the advantage 
of aspect-ratio introduced by the presence of notch. Upto 3.0De, the shear layer spreads 
faster towards the jet centreline but almost insignificantly towards the surroundings. Beyond 
3.0De the jet starts spreading faster into the smroundings. At S.ODg, a slight reduction in 
the magnitude of centreline pressure is seen for semi-circular case relative to the triangular 
notched jet indicating that the semi-circular notched jet begins to decay faster. The effect is 
clearly elucidated in the plots upto 12.0De where the two centreline pressures meet showing 
similar decay thereafter. However, the spread is higher for triangular notched jet upto IS.ODg 
after which the two jets spread equally. In the unnotched plane, however, the spread is same 
throughout for the two cases with the spread in the unnotched plane being more than that in 
the notched plane from S.ODg onwards. This validates the explanation of slight aspect-ratio 
introduced by the notches in circular geometry as discussed earlier. 

The sharp comers in the triangular notched circle restricts the growth of the jet in the 
notched plane and the pressure drops to the ambient earlier and faster thereby delaying shear 
layer penetration of notched plane and hence, an effective axis-switching is seen in the pressure 
profiles for both planes from X/De=l to 5. This may be due to the fact that the sharp comers 
introduce discontinuities in the initial region of the shear layer and prevent the roll up of u n i f orm 
vortices in this region[3, 46, 4]. This fact is confirmed in the unnotched plane for the two jets 
at same axial locations. 

Now consider the effect introduced by two sharp comers in the form of a square notch. The 
result of this case is plotted in Fig. 4.8 and compared with the semi-circular notch case. Close 
to the exit, the square notch shows a restricted growth in the notched plane upto l.ODe where 
the jet is seen not spreading appreciably into the surroundings. The extent upto which the 
restricted growth prevails in the downstream direction is governed by the angle of the sharp 
comer in the notch. In the triangular notch case, it was observed that the jet shows only 
marginal spread into tiie surroundings upto 3.0De whereas this effect is well pronounced for 
square notch only upto l.ODe. Further, the spread of the square notched jet in the X-Z plane 
is more than that for semi-circular case. Thus, it seems that the presence of two sharp comers 
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Figure 4.8; Comparison of the pressure profiles of semi-circular and square notched circular 
jets, Mj=1.0; Semi-circular notch: X-Y/notched plane •, X-Z plane o; Square notch: X- 
Y/notched plane ■, X-Z plane □. 























Figure 4.9: Comparison of the pressure profiles of triangular and square notched circifiar jets, 
triangular notch: X-Y/notched plane A, X-Z plane A; Square notch; X-Y/notched 
|)3ane ■, X-Z plane □. 
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Figure 4.10: Centreline pressure decay comparison for the cases investigated at Mj=1.0 

has a better effect on the spread and growth of circular-slot jet in both notched and unnotched 
planes. 

Figure 4.9 showing the pressure profiles of square and triangular notched jets elucidates 
this fact. It is seen, once again, that the square notched jet spreads faster in both the planes 
relative to the triangular notched case. Also, the square notched jet decays faster as seen from 
X/De=5.0 onwards upto S.ODg after which the two jets decay equally upto 20.0De. 

4.2.3 Centreline Pressure Decay 

When a jet spreads faster, its centreline pressure decreases faster. Thus, different jets with dif- 
ferent spread rates result in different centreline decay. Figure 4.10 shows the decay of centreline 
pressure with axial distance for the four cases investigated at Mj=1.0. The pitot pressure Pt 
is divided by the stagnation pressure Pq and plotted against the non-dimensionalized down- 
stream distance X/Dg. A faster centreline pressure decay is usually a reasonable measure of 
faster jet spread[7, 12]. Also, it has been observed by Roshko[ll] that the breakdown of the 
large-scale structures into fine-scale structures begins at the end of the potential core and this 
seen as a drastic decay in the centreline pressure[29]. Thus, a shorter potential core-length 



CHAPTER 4. CIRCULAR SLOT JETS 


76 


coupled with a faster centreline decay thereafter are indicative of enhanced small-scale mixing 
characteristics. 

The plot clearly indicates that under the action of the notch, the jet decays faster than the 
plain cases with the plain circle having the least decay followed by triangular, square and finally 
by semi-circular notched jet which has the maximum. The potential core-length is observed to 
be affected, but slightly, by the presence of the notch with the semi-circular notched jet showing 
a minimum core length followed by square and finally, by triangular notched jet which has the 
maxi m um. However, the decay, once the end of the core is encountered, is greatly influenced. 
This is due to the slight aspect-ratio introduced by the presence of notches that initiate high 
rates of mixing, though it takes some axial distance to do so. At 20.0De, the centreline decay 
of all the jets slows down and attains an approximately constant value beyond SO.ODg. This 
indicates the beginning of axis 3 Tnmetric or the fully developed region where the breakdown of 
large-scale structures initiated at the end of the potential core is completed[ll]. Also, beyond 
30.0De all the jets decay almost similarly and oblivious of the initial geometry. The two tab 
case in a circular nozzle of Samimy et o/[12] is included in the plot for the purpose of qualitative 
comparison with the present work. It is clearly seen that the core-length for Samimy et al[12] 
is the minimum. However, after 4.0De, all the jets decay similarly. 

4.2.4 Flow Visualization and Shock Structure 

As the stagnation pressure inside the settling chamber is increased, the jet becomes imderex- 
panded with the jet core dominated by a repetitive shock-cell structure. This shock strudmre 
gradually gets diffused in the downstream direction by turbulence arising from the shear layer 
spreading towards the jet centreline and the surroundings. How fast these mixing layers spread 
and diffuse and hence weaken the shock structure depends primarily on the generation of tur- 
bulence as close to the jet exit as possible[30]. This strongly depends on the the slot exit 
geometry and discontinuities introduced in the exit periphery [30, 16, 17]. 

Figures 4.11(a)-(c) shows the shock-cell structure as captured by shadowgraph photography 
for the imderexpansion level of 2.0, Mj=1.52. The plain circular-slot jet is seen to exhibit strong 
shocks in the core of the jet. Fig. 4.11(a). A comparison of the Figs. 4.11(a) and 4.11(b)-(c) 
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Figure 4.11(b): Shadowgraph picture of notched circular slot jet in notched/modified plane 
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clearly illustrates the effect of notch introduction on the downstream development of shock- 
cell structure. The notches, see Figs. 4.11(b)-(c), are seen to modify the initial shock-cell 
development (first two cells). Additional expansion and compression waves are seen to emanate 
from the notches. The interaction of these additional waves with the evolving shear layers 
leads to appreciable changes in the shock development. In addition to this, the small-scale 
structures generated at the corners[21, 4] help diffuse the shock structure faster resulting in 
weaker dowmstream shocks [4]. Further worth observing is that the lateral dimension of the 
shocks in the notched/modified plane(Pic. 59), Fig. 4.11(b), decreases in the downstream 
direction whereas it remains approximately constant in the unnotched/unmodified plane(Pic. 
61), Fig. 4.11(c), indicating that the notched jet behaves like a non-circular jet(due to slight 
aspect-ratio introduced by notch presence in an otherwise circular exit geometry). 

Further details of shock strength and jet decay is illustrated by Pitot tube traverses along the 
jet centreline. Figure 4.11(d) shows the centrehne pressure decay plot for the cases investigated 
at My =1.52. The pressure oscillations in the upstream regions are due to the stationary shock 
structure in the jet. In the supersonic regions of the flow, the measured stagnation pressure P t2 
corresponds to the stagnation pressure behind the standing bow shock in front of the pitot probe. 
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Figure 4.11(d)-(e): Plots showing the comparison of shock strength for the cases investigated 
at (d) Mj=1.5 and (e) Mj=1.42 
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In a steady supersonic flow with a single normal shock ahead of the pitot tube, a sharp drop in 
Pt 2 followed by a rise signifies the presence of a stronger shock wave[18]. The data presented 
is, therefore, accurate enough to capture the overall features ; e.g, the number of shocks and 
their spacing etc.[12]. As is seen from Figure 4.11(d), the shock-cell structure is weakened by 
the presence of the notch with a slight reduction in the shock-cell spacing. The semi-circular 
notch jet shows stronger shocks resulting in shorter cells relatively. Triangular notch, on the 
other hand shows relatively weaker shocks which may be due to mixing initiated at the vertex 
of this notch. Square notch case shows the weakest of all shocks in the core region. Thus, 
the sharp cornered notches show reductions in shock strengths as well as shock spacings which 
becomes more prominent in the third and the fourth shock-cells and are, therefore, expected to 
result in noise attenuation of these jets. 

Figure 4.11(e) shows qualitative comparison of an imderexpanded circular jet with trian- 
gular notch of vertex angle 60° with Pannu and Johanneson[8] fish-tail(vertex angle of 45 °) 
trian gular notch in a conical nozzle. Here, the measured stagnation pressure Pt 2 is non- 
dimensionalized by the atmospheric pressure Po for comparison with Pannu’s study [8]. The 
decay, once the core is over, is faster for Pannu’s nozzle but follows the present case after 
IS.ODe. 

4.2.5 Shock-cell Length and Screech Tone 

The choked jet-noise and hence the screech frequency are primarily dependent on the length of 
the shock-cells and hence, on the strength of the shocks in the shock-cell system[16]. Therefore, 
the effect of notch on the average length of shock cell, averaged up to four shock cells, was 
investigated. Figures 4.12(a) shows the variation of Lavg/Dg Vs Mj. Here, Lavg is the meas- 
ured average shodc-cell length and De the equivalent diameter of notched/modified circular 
jets. For comparison, Tam’s theory [113] for circular jets is included. It can be seen clearly that 
the shock-cell length for plain circle is dose to Tam’s theory though the curve for the present 
case lies a httle below it. For notched cases, a decrease in the length of third shock-cell is 
seen with the curves following the trend of Tam’s theory [113] but lying well below the plain 
case. The reduction in shock-cell length/spacing in the case of plain circular jets relative to 
the curve of Tam’s theory may be due to the fact that in the case of slot jets, the extremely 
thin initial boundary layer produces slender vortical structures with very thin cores (thus high 
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Figure 4.12: Plots showing the comparison for the effect of notch on (a) average shock cell 
length and (b) Strouhal number 
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vorticity) and with strong azimuthal variations in induced velocity. Hence, the deformation of 
the vortex structure is speeded up. This, perhaps, leads to faster diffusion of shock-cells[88] 
leading to shorter shock-cell length. The addition of notches brings in secondary instabilities 
in the form of streamwise vortices shed from the comers[3, 46, 4], speeding up the deformation 
process further. 

Figure 4.12(b) shows a plot of predicted Strouhai number(fD^ /Uj) of the screech tone 
versus the fully expanded Mach number Mj. As the Mach number increases, the Strouhai 
number of screech decreases. This decrease is due to the increase in shock-cell spacing with 
Mach number, which causes an increase in the screech wavelength and consequently a decrease 
in screech frequency [110]. In the calculation of predicted Strouhai munber, the average shock- 
cell length, Lavg, was considered up to four shock cells at different underexpanded levels. This 
value of Lavg was used in the screech tone frequency formula obtained by Tam et fll[95] in 
conjunction with Tam’s formula[113] for shock-cell length of elliptic jets with aspect-ratio less 
than four. In Fig. 4.12(c), Tam’s anal 3 rtic solution[113] of the screech Strouhai number versus 
Mj for circular /round jets, is also shown for comparison of our present work with Tam’s theory. 
The present work shows good agreement with Tam’s analytic solution with the points following 
the same trend though they lie a little above it. This is once again due to jets issuing from slots 
as stated earlier. Since with increasing Mj, an increase in Strouhai number relative to other 
cases indicates decrease in shock-cell spacing[110], the plot clearly shows that square notch is 
expected to have better noise characteristics followed by triangular notch relative to its plain 
counterpart. This is because the presence of comers greatly alters the shock-cell structure, 
which, affects the evolution of the shear layer and hence shock development[4, 21]. 

Experimental work for rectangular jets is also included to show the Strouhai number trends 
in literature and for comparison with rectangular and elliptic jets. These points lie well below 
Tam’s theory for 2:1 elliptic jets. However, these are measured Strouhai number values instead 
of predicted values. 

4.2.6 Aeroacoustic Characteristics 

The experimentally observed characteristics of sound radiation from fully expanded(shock- 
free) and underexpanded(shock-containing) circular slot jets with and without the notches are 
described in the present section. In particular, the characteristics of broadband shock-associated 
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and turbulent mixing noise from underexpanded jets are examined over an extensive envelope 
of supercritical jet operating conditions and observer angle. 

Acoustic Spectrum Analysis 

Here it is worth mentioning that in the following discussions, notched plane will be referred to as 
the major-axis plane and the other as the minor-axis plane Figure 4.13(a)-(b) shows the power 
spectrum of a plain circular jet at full expansion, Mj=1.0, and at underexpanded condition with 
equivalent Mach number of Mj=1.5. The measurements were made with the microphone placed 
at a polar angle, 9, of 150° to the jet upstream direction where the fundamental harmonic of 
screech frequency is prevelant[76, 33, 32]. Further, the spectrum analysis was carried out only 
in the notch or major-axis plane. The power spectrum of the fully expanded jet, Fig. 4.13(a) 
is broad and smooth and consists of purely tmbulent mixing noise. A peak in the jet mixing 
noise at 6 kHz is observed. On the other hand, when the jet is operated at underexpanded 
condition, the acoustic spectrum contains an extra noise contribution due to the presence 
of shock structure in the jet flow, in addition to the turbulent mixing noise, as seen by the 
higher noise intensity in the spectrum, see Fig. 5.13(b). The broadband peak occurring at 
approximately 3-5 kHz, Fig. 5.13(b), is associated with jet mtxmg noise, while the broadband 
spectrum for frequency > 15 kHz is the broadband shock-associated noise of an underexpanded 
jet as per the findings of Ponton and Seiner[76] and Tam[33]. Very prominent in the acoustic 
spectrum are some discrete peaks in the 13 kHz range indicating the screech component of jet 
noise. 

A direct comparison of the acoustic spectrum of the jet with notches is made relative to 
datum jet. Figures 4.14(a)-(b) show such a spectrum for a square notch circular-slot jet. At full 
expansion. Fig. 4.14(a), the peak noise due to tmrbulent mixing decreases in the low frequency 
range(2-9 kHz) by 5dB, relative to the datum jet while the high frequency jet noise remains 
approximately the same. If a comparison is now made for the underexpanded case. Fig. 4.13(b) 
and 4.14(b), the square notch jet shows a reduction in the peak component (approx. 6 dB). The 
broadband shock-associated noise to the right of this peak shows a slight decrease in the high 
frequency jet noise, indicating a weaker shock-cell system[76, 26]. Further, to tiie left of the 
peak component (low frequency range), the jet mixing noise is observed to re m ai n more or 
less the same. Some similar trends in the acoustic spectrum of triangular and semi-circular 
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Figure 4.13(a): Far field spectral characteristics for the plain circular slot jet at Mj =1.0, 
e = 150" 



Figure 4.13(b): Fbr field spectral characteristics for the plain circular slot jet at at underex- 
panded condition witli equivalent Mach number, Mj =1.5, 0=150" 



Power(dB) Power(dB) 


CHAPTER 4. CIRCULAR SLOT JETS 


85 



0 20 40 50 

Frequency, kHz 


14(a): Fax field spectral characteristics for the square notched circular slot jet at 
?=150‘’ 
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figure 4.14(b): Far field spectrjd characteristics for the square notched circular slot jet at at 
inderexpanded condition with equivalent Mach number, Mj =1.5, 9 — 150® 
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notch jets were observed. However, the peak component in triangular case shows a reduction 
of 8 dB whereas the semi-circular case shows the same magnitude of screech component as the 
plain circular jet. The ax:oustic spectrum of these notch configurations are not shown since the 
overall characteristics are approximately are the same as that for square notch slot jet shown. 

The acoustic spectrum results indicate that the differences in the slot perimeter, provided 
by variation in notch configuration, may alter the acoustic emission characteristics of these 
jets not only in the screech component but also in the turbulent jet-mi xing and broadband 
shock noise. These differences point out the aerod 3 mamic changes[76] brought in by notch 
introduction. Further, the relative intensity of these three noise components is a strong function 
of the direction of observation as well as the operating pressure ratio[76, 33, 118, 66] as will be 
seen in the following sections. 

Overall Sound Pressure Results 

The noise characteristics of underexpanded circular-slot jets with and without notches are 
presented in Figs. 4.15(a)-(d). The noise intensity is examined at two observer angles, i.e., 
0=90°, 150°, R/De=50, as the level of underexpansion is increased. These values of 6 and 
R/De were selected after a detailed survey of literature[66, 118, 26, 76, 119]. 

The measurements were made from the fuUy expanded condition to high level of imderex- 
pansion with an equivalent Mach number of M_j=2.0. It is clearly discernible from the plots. 
Figs. 4.15(a)-(d), that the noise intensity jumps as soon as shocks begin to appear in the jet 
flow. Further, all the jets show a significant increase in OASPL with increasing pressure ratio. 

At 0=150° to the upstream jet axis, i.e., 30° to the jet downstream flow direction, the 
contribution from shock-associated noise seems to be significant relative to that at 0=90° as is 
apparent from Figs. 4.15(a)-(d) in both the major and minor planes. As the observer moves 
from 0=90° to 150°(i.e., in the aft quadrant as defined in Chapters) the significance of shock- 
associated noise increases progressively, and at 0=150° the levels at supercritical pressure ratios 
are dominated by the contribution from shock noise[66, 76]. At 0=90°, in the major plane, 
Fig. 4.15(a), the jets show a steady increase in OASPL with approximately same value for 
all cases up to Mj=1.4. Beyond Mj=1.4, significant difference in OASPL values can be seen 
for different slot jets. Plain circular jet shows a Tninimum sound intensity with higher jet mixing 
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Figure 4.15: Fax field overall sound pressure results for notched circular slot jets for various 
levels of underexpansion tested, R/De=50 

noise from notch jets. This seems to indicate higher turbulence levels[66, 33, 118] in notch 
jets. At Mj=2.0, relative to the plain case, triangular notch jet shows a 4dB increase in 
sotmd intensity followed by square and semi-circular notches with 2.5 dB increase. Thus, the 
turbulent mixing noise from notch jets is higher than the plain case which seems to indicate 
higher turbulence levels in these jets. 

For observer angle of ^=150®, however, a different trend in OASPL is observed as was 
also observed by Powell[119]. Since this is the direction in which the shock-associated noise is 
radiated[66, 76, 33, 118, 32], plain circular-slot jet is seen to radiate higher noise levels relative to 
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notch jets, Figs. 4.15(c)-(d). Fluctuation in OASPL values is seen between Mj=1.2 to 1.7 after 
which the values show a definite trend. These fluctuation in OASPL values may be due to the 
jet oscillations setting in for 1.1< Mj < 1.7[104, 6] as observed by Hanimitt[104], Sarohia[79]. 
These jet oscillations according to Haminitt[104] do not grow uniformly stronger with increasing 
pressure ratio but reach a peak, fall off, and then rise to a new peak. Since these jet oscillations 
are directly related to the acoustic emission of broadband shock-associated noise at 30° to the 
downstream jet direction[32, 33, 76, 66] as such the radiated noise will have a fluctuating value 
in this range of Mj, as seen in Figs. 4.15(c)-(d). As observed from Figs. 4.15(a)-(d), the 
fluctuations in OASPL are more prominent at 0=150°, than af 0=90°. T his is because the 
noise radiated by the jet oscillations axe radiated along this direction[104, 84, 76, 118, 66]. 
Above M_,-=1.7, the jet seems to stablise and it can be seen. Fig. 4.15(c), that square notch 
jets show minimum OASPL followed by triangular and semi-circular notch jets. At Mj=2.0, 
relative to plain jet, square cut-out jet shows a 8dB reduction followed by triangulax and 
semi-circulax cases wdth 7 dB and 5 dB reduction, respectively. 

In the minor-axis plane of notch jets, however, a reversal in trend relative to major-axis 
plane is observed. The semi-circular notch jet shows a minimum noise intensity, at Mj=2.0, 
followed by triangular and square cases. This difference in acoustic characteristics between 
major and minor-axis planes is typical of non-circular jets (especially ellipse) where minor- 
axis sides show lesser noise intensity due to higher spread in this plane relative to major 
plane[26, 122, 123, 124, 21, 125]. Thus, the concept of notch jet being considered as an 
equivalent elliptic jet, as discussed in the preceding sections of mean flow measurements, seems 
to agree well with the acoustic characteristics of elliptic jets studied in literature. 

The above observations help to conclude that the notched jets seem to have a higher level 
of turbulence levels and a weaker shock-cell system in the jet flow. 

Pannu and Johanneson[8] observed that a triangular notch in a conical nozzle generates 
small-structures that shielded the shock-structure of the jet and hence, acted as silencers to 
jet noise. Further, this fine-scale miying from sharp corners of triangular nozzle jets causes a 
faster spread of shear-layer towards the jet centreline[21] and hence, seems to weaken the shocks 
in underexpanded jets. It may, therefore, be suggested tliat the reduction in the magnitude of 
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Figure 4.16; Azimuthal directivity plots for plain and notched circular slot jets at R/De=24 
and (a) Mj=1.0 (b) Mj=1.5 

OASPL is due primarily to the weak shock-cell structure in notch jets and hence, significantly 
reduced shock-associated noise. Further, the square notch configuration seems to be the best 
for fax-field noise reduction of circular slot jets. 

Azimuthal Directivity 

It is well known that non-circular jets spread differently in different planes and as such radiate 
different noise intensities in different planes[26, 21, 125, 124, 123]. The present section discusses 
the results of azimuthal directivity for jets with and without notches for two values of Mach 
number, Mj=L0 and 1.5. The measurements were made starting from minor-axis side, passing 
through the major-axis side(having the notch) and ending up at the other end of minor-axis side. 
The microphone was positioned and moved in a circulax arc on a fixed aluminium quadrant, 
mounted on a tripod stand, at fixed intervals of 10®, R/De=24. Figures 4.16(a)-(b) shows such 
a plot. At full expansion. Fig. 4.16(a), plain circle shows the minimum noise intensity without 
any preferred direction as is expected due to symmetry of slot geometry. Notched jets show 
significant increase in jet miyirig noise with square notch jet showing maximum value(2 dB 
increase) followed by semi-circular and triangular notch jet(3.0dB). Further, a slight incresise 
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in noise levels is apparent in the region of the notches(^=80° to 100°). 

At underexpanded condition, Fig. 4.16(b), the difference in noise radiated from plain and 
notch jets widens. The plain circular jet shows the maximum shock noise with no preferred 
direction. However, the notched jets show a dependence on the azimuthal angular variation of 
shock noise. As much as 6-8 dB reduction is seen in the minor-axis/unmodified plane(absence 
of notch) relative to plain case. As the notch region is approached, a significant increase in 
OASPL is observed. This may be due to the additional expansion and compression waves 
originating from the notch geometries as seen in the shadowgraph photographs(Pics. 59, 61), 
Figs. 4.11(b)-(c). These waves modify the downstream shock-structure development and hence, 
alter the Eicoustic emission of these jets. Also, as will be observed in the subsequent chapters 
on elliptic jet studies, major-axis ends emit higher noise levels relative to min or axis ends due 
to different spreading rates along the two planes. Here the results axe in conformity to these 
studies[125, 124, 123, 21]. The minor-axis(absence of notch) sides radiate lesser noise intensity 
relative to major-axis (having the notch) sides which shows higher noise levels. 

Radial Directivity in the Aft-Quadrant 

In the preceding sections we have discussed about the spectral and overall sound intensity 
characteristics with the microphone positioned at two polar angles, 0=9O°ondl5O°. In the 
present and concluding part of our acoustic study on circular slot jets, we will discuss the 
angular directivity of jet noise in the aft quadrant. Here, the region defined by 0=0-90 degrees is 
referred to as the forward quadrant and by 0=90-180 degrees as the aft quadrant in accordance 
with the norms followed by Alvi et a/[26]. 

Figures 4.17(a)-(b) show the cases investigated at full expansion in both planes. The jets 
show a clear and distinct noise intensity pattern. It is discernible that the dominant part 
of the noise is confined in the aft quadrant at angles greater than 100 degrees. Whereas for 
angles less than 100 degrees, the jet noise is low and relatively independent of direction. It 
is believed[126, 33, 66, 118] that this low level noise is generated by fine scale turbulence of 
tile jet flow whereas the dominant part is generated directly by large-scale structures in the jet 
flow. Relative to plain circular jet, notch jets show higher noise intensity in both planes for all 
angles in the aft quadrant. This may be due to the dominance of turbulence structures in notch 
jets in accord with the present understanding of turbulent mixing noise of jets[33]. Further, for 
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notch jets, for 6 > 140°, the jet noise intensity ceases to increase and attains an approximately 
constant value. Cut-out geometry, further, has influence on noise intensity. Triangular notch 
jet shows a dominance, as was also observed in azimuthal directivity plots, of jet noise followed 
by semi-circular and finally, by square case which shows minimum value. 

Figures 4.18(a)-(b) depicts the case of underexpanded(shock-containing) jets at an equival- 
ent Mach ntimber, M_j=1.5. It is discernible from Figs. 4.17 and 4.18, that shock-associated 
noise dominates over the turbulent mixing noise levels at all angles. All jets, excepting square 
and triangular notched jets, show a fluctuating noise intensity pattern between observer angle 
of 110° and 130°. This may be due to the jet oscillations which as explained by Hammitt[104] 
result in fluctuating frequencies and hence noise levels[123] as the shock-cells are set into oscillar 
tions by this jet motion. Triangular and square notch jets seem to stablise these jet oscillations 
to some extent as is seen by a near absence of fluctuating OASPL values with observer angle. 
Tiangular and square notch jets show no preferred direction of noise radiated by presence of 
shocks up to 6=120°. In the minor-axis plane. Fig. 4.18(a), the noise levels are shghtly lesser 
than that along major-axis side. Figs. 4.18(a)-(b). Triangular and square notched jets show 
a steady increase in OASPL at all angles whereas the semi-circular case shows a significant 
increase in shock noise for 6 > 110° up to 130° after which it tends to stablise. The plain 
circle, however, shows a dominance of shodr noise for 9 = 105° and a.t 9 = 150°, where its 
value reaches a maximum at 127.5 dB. At this angle, the triangular and square notch jets show 
an approximate reduction of 10 dB. 

In major-axis plane, for 9 > 130°, noise intensity tends to become uniform. Fig. 4.18(b). 
At ^=150°, the notch jets show a marked reduction in shock-associated noise relative to plain 
circular jet. Square notch jet, which shows miuiTnum noise levels at all angles, indicates an 
11 dB reduction followed by triangular with 10.5 dB and semi-circular with 6dB reduction. 

In summary, therefore, it appears that the sound intensity of both tmrbulent mixing and 
shock-associated noise is relatively dependent upon the notch geometry and hence, the initial 
jet conditions and shear layer development. Further, major-axis sides radiate higher noise 
levels relative to minor-axis sides and, finally the noise intensity is principally a function of 
jet pressure ratio. In other words, the sound field from jets is characterised by three basic 
parameters (i) Pressure ratio Pc/Po or level of underexpansion Pe/Po (h) the observer angle 
9, and (iii) the slot perimeter variation(notch geometry) with same area as datum slot. Btom 
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the trends discussed above, it becomes evident that the contribution of shock-associated noise 
to the total noise is significant at (i) supercritical pressure ratios and (ii) large angles to the 
downstream jet axis. 


4.3 Conclusions 

A passive control of achieving neax-field mixing enhancement in circulax slot jets is demon- 
strated. Mixing is initiated by introducing instabilities at the exit in the form of notches. This 
instability results in the faster decay for notched jet both for Pe/Pa=1.0 and Pe/Pa=2.0. 

The results of the experimental investigation are summarized as follows; 

• The presence of a notch in circular geometry makes it slightly non-circular with its major- 
axis along the notched plane. This induces a slight aspect-ratio in the otherwise circular 
geometry causing the modified circular jet to switch axis like any other non-circular 
geometry. This results in higher spread in the unnotched plane and the process induces 
higher mixing. 

• The notch geometry seems to have a powerful infiuence on jet growth. The angle of 
the notch comer governs the mixing characteristics. Sharper notch comer causes lesser 
relative bulk-mixing. Thus, from viewpoint of bulk-mixing, semi-circular and square 
notch seem favourable in both fully-expanded and underexpanded circular slot jets. 

• For underexpanded condition, additional expansion and compression waves emanate from 
the corners and fiat sides of notch. This greatly alters the shock-cell stmcture, which, 
affects the initial shear layer development and hence results in weaker downstream shocks 
relative to the plain circular jet. 

• The variation of average shock cell-length of both plain and notched jets with fully ex- 
panded jet Mach number, Mj, follows the trend predicted by Tam. But the shorter cell 
lengths for notched cases may be due to the relatively faster difiEusion of cells due to 
thicker shear layers emanating from the comers. The fact that the square notched jet 
shows the least shock-cell length followed by triangular and semi-circular cases indicates 
that the notch geometry greatly influences the shock-cell development for underexpanded 
conditions. 
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• The predicted screech tone frequency of plain and notched slot jets closely follow Tam’s 
theory. The deviation observed is due to complicated shock-shear layer interaction and 
secondary instabilities shed from the corners of notch. 

• The acoustic spectrum results indicate that the differences in the slot perimeter, provided 
by variation in notch configuration, may alter the acoustic emission characteristics of these 
jets not only in the screech component but also in the turbulent jet-mixing and broadband 
shock noise. These differences point out the aerod 3 mamic changes[76] brought in by notch 
introduction. 

• The fine-scale mixing from sharp corners of triangular nozzle jets causes a faster spread 
of shear-layer towards the jet centreline[21] and hence, seems to weaken the shocks in 
underexpanded jets. For the present slot jets also it may, therefore, be suggested that the 
reduction in the magnitude of OASPL is due primarily to the weak shock-cell structure 
in notch jets and hence, significantly reduced shock-associated noise. 

• The azimuthal directivity results indicate some interesting results. The notch presence 
increases the noise in the notched/modified plane. This may be due to the additional 
expansion and compression waves originating from the notch geometry thereby modifying 
the downstream shock development. 

• The modified circular slot jet radiates noise like a typical non-circular jet with higher 
noise intensity along major-axis/modified plane and lesser along minor-axis / unmodified 
plane. 

• Shock associated noise dominates over the turbulent mixing noise. 

• Dominant part of the noise is confined in the aft quadrant for 9 > 100® 

• The square notch configuration seems to be the best for far-field noise reduction of circular 
slot jets. 

• The sound intensity of both turbulent Tnixing and shock-associated noise is relatively 
dependent upon the notiffi geometry and hence on the initial jet conditions and shear 
layer devel(q)ment. 
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• The noise intensity is principally a function of jet pressure ratio. In other words, the 
sound field from jets is characterised by three basic pareimeters (i) pressure ratio Pe/Po 
or level of underexpansion Pe/Pa (ii) the observer angle d, and (iii) the slot perimeter 
variation(notch geometry) with same area as datum slot. Prom the trends discussed 
above, it becomes evident that the contribution of shock-associated noise to the total noise 
is significant at (i) supercritical pressure ratios and (ii) large angles to the downstream 
jet axis. 


Chapter 5 


2:1 Elliptic Slot Jet 

Effect of Notch and Notch Geometry on the Mixing and Noise 
Characteristics of Elliptic-Slot Free Jet 

5.1 Introduction 

In the previous chapter we discussed the effect of notch and notch geometry on the mixing and 
noise characteristics of circular jets, i.e., longitudinal instabilities in an exit geometry with uni- 
form azimuthal curvature variation. The present chapter discusses the results of introducing the 
same instabilities in an exit geometry with non-uniform, smooth azimuthal curvature variation, 
i.e., ellipse. Since jet characteristics are most receptive to changes in initial conditions, exit 
geometry variation plays a dorrunant role in the development of both low and high-speed jets. 
Prom literature it is seen that jets from non-circular geometries[l, 3, 29, 60, 61, 62, 121] result 
in enhanced mixing, a characteristic maldng them far superior to the conventional circular jet. 

Non-circular jets, due to their non-uniform azimuthal curvature variation spread differently 
in different planes[21, 1, 5, 20]. As such, these jets change shape as they grow in the downstream 
direction[20]. One important feature of non-circular jets is the process of axis-switching which 
is responsible for hi ghpr mixing rates[20, 1, 5]. Earlier studies of jets emerging from non- 
circular geometries with comers, e.g., triangular and square nozzle jets, rectangul a r and square 
slot jets, show that the introduction of sharp comer in the periphery of the geometry can 
significantly increase small-scale turbulmce intensity at the comer, and hence, enhan ce overall 
mixing[29, 106, 60, 5, 3, 108]. Further studies revealed that the small-scale turbulence was 
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generated by axial vortices formed in the corners and augmented by vortex bending induced by 
the highly curved flow at the corners [12 7, 2]. In addition to vortex bending and self-induction 
process, the non-linear interaction of turbulence generated at the corners with the flow 
resulted in an increase in jet spread at other sections of the exit periphery[4]. It was observed 
by Gutmark et a/[4, 46] that the fine-scale structures generated from the sharp comers of 
triangular and square nozzle jets are advantageous for combustion systems. The enhanced 
fine-scale mixing at the corners makes this section the best location to initiate combustion[4]. 

Small aspect-ratio(2:l) elliptic jets have been observed to result in higher miving rates 
relative to the axisymmetric jets[20, 1]. Hussain and Husain[l] confirmed that an elliptic jet 
undergoes a three-dimensional deformation process associated with the bending of the elliptic 
vortex. This three-dimensional deformation is primarily responsible for the flow self-induction 
process resulting in axis-switching phenomenon. This phenomenon plays a vital role in the 
enhanced mixing and larger spread rates observed. Axis-switching has also been observed in 
supersonic/underexpanded elliptic jets by Gutmark and Schadow[46], a characteristic favorable 
from mixing and noise suppression points of view in high-speed jets. 

Enhancement in small-scale mixing was achieved by Gutmark et al[58] by providing a 
conical contraction before an elliptic slot wherein the axial vorticity component arising as a 
result of the contraction strongly interacts with the roll up of the circumferential vortex thereby 
inducing turbulence in the near-field. PoweU[31] pointed out that relieving the excess pressure 
at the nozzle exit in the form of slots or fingers[16, 18, 17, 8] greatly weakens the shock-stmcture 
and introduces turbulence in the near-field, thus drastically reducing the screech component. 

The present study combines the characteristics of small aspect-ratio(2:l) elliptic jets and 
sharp comers for the purpose of enhanced mixing. Since an elliptic jet spreads more along 
the minor-axis side, two notches are S3Tnmetrically introduced along the minor-axis side of 
the ellipse so as to further enhance the mixiTig process in that plane. A direct comparison 
of the jet characteristics are made with a plain ellipse(aspect-ratio 2:1) and a plain circle of 
same equivalent area to study the changes brought about in the jet flowfield by notches when 
introduced in a geometry with non-uniform azimuthal curvature variation(ellipse). Although 
elliptic jets have received extensive attention, no work seems to report improving the flow from 
elliptic slots by introduction of sharp comers in the form of notches in the slot periphery. Since 
such sharp comers have been observed[3, 46, 4, 29, 60, 5, 108, 59] in botii nozzle and slot 
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jets to improve the flowfield considerably near the exit plane, these initial instabilities are also 
expected to further enhance the mixing of elliptic jets. 

5.2 Results and Discussions 

5.2.1 Iso-velocity Contours 

Figures 5.1(a)-(d) show the iso-velocity contours for plain ellipse at Mj=1.0. A smaller spacing 
between the contour levels indicate less ambient fluid entrained by the jet and vice-versa[121]. 
As observed by Hussain and Hussain[l, 20], the plain elliptic jet initially has lesser growth 
along its major-axis side before it starts to grow in that direction with a simultaneous outward 
movement of the jet along the minor-axis side. Hussain and Husain[l] attribute the comparat- 
ively reduced growth of the jet along the major-axis plane to the deformation of non-circular 
vortical structures. The explanation given is that, the extremely thin initial boundary layer in 
slot jets produces slender vortical structures with very thin cores(thus high vorticity) and with 
strong azimuthal variations in induced velocity. The self-induced velocity of a curved vortex 
fllament[l] is, 


u r P 
u = On-: — In— 
47r/9 cr 


where k is the vortex strength(i.e., circulation), p is the radius of curvature, cr is the core radius 
and bn is the local unit vector in the direction of the binormal. This azimuthal variation of 
induced velocity results in the deformation of the convecting vortex structures and consequent 
axis swit ching . Thus, a pumping action[l] starts bringing in ambient fluid towards the jet- 
centreline along major-axis side and vice-versa along the minor-axis side, and hence initiating 
the axis-switching phenomena typical to non-circular jets. This axis-switching phenomena is 
responsible for higher mi-xing rates observed in elliptic jets. 
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Figure 5.2: Iso-velocity contours for square notched elliptic slot jet, Mj=1.0 
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Figure 5.3: Iso-velocity contours for triangular notched elliptic slot jet, Mj=1.0 


A comparison of the iso-velocity contours at the same axial stations for plain and notched 
cases very clearly indicates the eflfect introduced in the flowfield by the presence of notches, 
Figs. o.l(a)-(d) for plain case and Figs. 5.2(a)-(d) for square notch. First we will discuss the 
results of notch introduction alone on jet development after which we will deal with the effect 
of notch geometry variation. The physics for this peculiar flowfield, with notch introduction 
on the basic shape, lies with the presence of longitudinal instability in the form of sharp comer 
notches. This greatly influences the unif orm growth of the jet stmcture along the minor-axis 
sides as seen by a low velocity region in Fig. 5.2(b) for X/De = 2.0. This may be due to the 
fact that the sharp comers introduce discontinuities in the initial region of the shear layer and 
prevent the roll up of uniform vortices in this region[3]. Now due to the non-uniform curvature 
variation, a non-uniform self-induction process begins with the initial retarded growtih of the 
major-axis side as is typical to non-circular geometries. The interaction of the low velocity 
regions provided by the notches with the mean flow results in an increase in jet growth. This 
gihanced mixing process at the minor-axis region makes the jet grow faster in that plane 
compared to the growth along major-axis plane liiereby causing an upstream shift in the axis 
switchover location(refer Figs. 5.1 and 5.2). As such the jet brings more of the ambient fluid 
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Direction of pressure relief 
in each notch 



Square notch Triangular notch 

Figure 5.4: Cartoon showing the pressure relieving effect in square and triangular notches 

towards the jet-centreline causing the notched jet to entrain more and hence, induce higher 
mixing relative to plain case. 

Let us now discreetly observe the effect of notch geometry on the development of elliptic 
jet near the exit plane. Powell[30] in his pioneering work on choked jet noise pointed out that 
notches help relieve jet pressure near the nozzle exit. This effect is clearly indicated by the 
iso-velocity contours of Figs. 5.1(a), 5.2(a), and 5.3(a). A comparison of Figs. 5.2(a) and 
5.3(a) shows that the pressure relieving affect is more pronounced for square notch relative to 
triangular notch as seen by a higher growth of iso-velocity contours for square notch in the 
notched plane at X/De=2.0. This is dictated by the geometry of the square notch which has 
a higher area of influence to the jet flowfield away from main jet relative to triangular notch. 
However, higher area of triangular notch close to the main jet relieves pressure more in the 
direction of the major plane as seen by the outward kink. Fig. 5.3(b), than in the minor plane. 
These flow developments near and away from the main jet greatly influence the entrainment 
of the jets in which these notches are introduced. Further downstream, this effect on the iso- 
velocity contours along the major and minor axis sides is clearly seen where the square notch 
shows higher growth in the notched plane, Fig. 5.2(c), while triangular notch shows, relatively, 
higher jet growth in the uimotched plane. Fig. 5.3(c). The pressure relieving effects of each 
notch are elucidated in cartoons developed from the iso-velocity contours. Fig. 5.4. 

Let us now observe the change in shape of iso-velocity contours at a underexpansion level 
of 2.0, Mj=1.5, for square and triangular notched cases. Figs. 5.5(a)-(d) and Figs. 5.6(a)-(d). 
Figure 5.6 clearly shows a higher growth of iso-velocity contours along the notched plane in- 
cheating a higher pressure relieving effect at underexpanded conditions. In other words, the 
square notch provides a low velocity region in the plane of the notch dose to the exit even at 
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Figure 5.7(a): Entrainment comparison for the cases investigated at Mj=1.0 
underexpansion. 

The triangular notch on the other hand is observed to induce low velocity regions about 
the notched/modified plane and not in the notched plane as dictated by its geometry. Further, 
a stretching of the velocity contours in notched plane is observed relative to the contours at 
Mj=1.0 for both square and triangular notched cases at X/De=2.0. This may be primarily 
due to the increasing pressure relief required over the same slot area at underexpansion. This 
higher pressure relieving effect in the notched plane of square notched elliptic slot jet seems 
to enhance the miying characteristics in underexpanded conditions as will be seen later in 
entrainment plots. However, the lesser pressure relieving effect dictated by triangulax notch 
geometry puts a check to this jet growth and hence, delays mixing at underexpanded conditions. 

After having an idea of the mechanism of jet development for different notch geometries, let 
us now study the entrainment characteristics of these jets. Figure 5.7(a) shows the entrainment 
plots for the cases investigated at Mj=1.0. The effect introduced by the sharp comers in notch 
geometry is discernible from the plots. Relative to the plain ellipse, triangular notched case 
shows considerably higher entrainment at each x-location. In these plots ‘m’ is the local mass- 
flux and ‘me’ the mass-flux at nozzle exit. Square notch case, however, shows approximately 
the same value of ftntraiTnnftTit as the plain case. Further, if a comparison is made relative to 
plain circle, we can easily see the advantage of using an dliptic jet with and without notch. 


1 


CHAPTER 5. 2:1 ELLIPTIC SLOT JET 


105 



Figure 5.7(b): Plot showing the entrained mass at each X-location, Mj=1.0 

At X/De=2.0, triangular notched jet shows 900 percent increase in entrainment relative to 
plain circular case whereas plain and square notched elhpse show 300 percent increase. At 
X/De=5.0, triangular notched jet shows 750 percent increase while plain and square notched 
jets show 400 percent increase. Further downstream, the entrainment curve shows a decreasing 
trend relative to its value at X/De=2.0. At X/De=15.0, this increase drops to 166 percent 
and 83 percent for triangular and square notched cases, respectively. Thus, it is clear from the 
above quantifications that, close to the slot exit the increase in entrainment relative to plain 
circle is the maYiTmim and that this increase starts to drop as we move downstream beyond 
X/De=5.0. 

Taking into consideration the above discussion, we now present the entrainment values for 
each jet in a different form of plot. 

If (dm/dt)e = mass flux at the slot exit 
and, (dm/dt)jy = total mass flux at a given X-location 
then (dm/dt) = total entrained mass flux up to that X-location 
= (dm/dt)x - (dm/dt)e 
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Thus at another X-location, say Xi, the total entrained mass between X and Xi is 
(dm/dt)xi-A’ = (dm/dt)xi “ (dm/dt)A' 

Figure 5.7(b) shows such a representation of entrainment. Here, the total entrained mass 
between the two X-locations ‘dm’ is non-dimensionalised by the axial distance between the 
corresponding X-locations ‘dX = Xi-X’. It is discernible from the plot that (dm/dX) increases 
all the way. However, the slope initially increases, just downstream of slot exit, peaks and 
then starts decreasing and reaches an asymptotic value as X increases. This trend is seen 
for all the cases investigated except circular jet which shows a steady increase in the values. 
But after 20De, its values also reach an asymptotic value. However, the asymptotic value 
for triangular notched jet is much higher than square notched and plain eUipse which show 
approximately same values. Plain circle shows a very low asymptotic value, relatively The 
above trends indicate that the jet entrains most of the ambient fluid dose to the exit where 
there is a dominance of large-scale structures. 

The above plots. Figs. 5.7(a) and (b), clearly indicate that the angle of the sharp comer in a 
notch has strong influence in controlling the mixing in an elliptic slot jet. This is in confirmation 
to Gutmark et al[4] study where they observed that the vertex angle of the triangular nozzle jet 
increased mixing. In elliptic slot jets, such notch geometries greatly influence the jet growth 
in the region of the notch thereby introdudng enhanced mixing. 

Some different trends in entrainment ratio are evident at Mj=1.52 from Fig. 5.8(a) for the 
notched dlipse. The effect of delayed Tnixing with underexpansion is dearly seen in this plot. 
Once the shock-structure gets weakened at some downstream location, increase in entrainment 
ratio is observed. It is observed that the square notched elliptic jet shows a marked increase in 
entrainment relative to the plain case at Mj=1.52. Also, the triangular notched ellipse shows 
higher entrainment ffian the plain case but the value is much less than the square notch case. 
Figure 5.8(b) shows the variation of (dm/dX) relative to each X-location for the underexpanded 
condition. Here too the trends are similar to that observed at fully expanded condition with 
ffie mass flux showing an increase in value, reaching a peak and then decreasing. However, 
alter decreasing the (dm/dX) value jumps and then attains an asymptotic value. At this 
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underexpansion, square notched jet shows the highest peak followed by triangular notched jet 
and plain circle. 

Thus, from Figs. 5.8(a) and (b), it is observed that square notch configuration, with two 
sharp corners, seems to be more beneficial from the view point of enhanced miving at hi gh 
levels of underexpansion. This is primarily due to the higher pressure relieving effect of square 
notch away from the main jet that improves mixing at imderexpanded conditions. However, 
at full expansion, a sharper vertex angle of notch(i.e., in a triangle) is more beneficial due to 
the higher pressure relieving effect close to the main jet as governed by its geometry. Also the 
sharp corner triggers the generation of discontinuities which have earher been found to enhance 
fine-scale mixing[21, 4]. 

Let us now observe the effect of Mach number on the entr ainm ent characteristics of these 
jets. Figure 5.9(a). It is discernible from the plot that as Mach number increases, the miving 
characteristics show a decline. This is primarily due to the compressibihty effects coupled with 
a strong shock-cell system in the core-region which impede the jet growth. Samimy et oi[12] 
case of two tabs is also included for qualitative comparison. Here it is interesting to observe 
that the Samimy’s result and the triangular notched elliptic jet shows considerable decrease 
in entrainment with underexpansion. The present case of square notched jet initially shows a 
decrease upto 12.0De beyond which it shows a higher entrainment relative to that at Mj=1.0 
and goes on increasing in the downstream direction. 

Figure 5.9(b) shows a cross-plot of entrainment with Mach number M^ for three different 
axial locations, i.e., X/De=5, 8, 20. Since only sharp cornered notched jets show increase 
in entrainment relative to plain elliptic jet, therefore, only the case of square and triangular 
notches is discussed. At X/De=5 and 8, for triangular notch, entrainment shows a consider- 
aWe decrease as Mj is increased. At X/De=20.0, entrainment decreases as Mj is increased 
from 1.0 to 1.32. However, at Mj=1.52, triangular notched jet shows an increasing trend in 
entrainment value. Square notched jet, on the other hand, shows some very impressive results. 
At X/De=5.0, the entrainment values show approximately constant trend for the three Mj 
considered. However, at X/De=8.0, Mj=1.32 shows an increase in trend entrainment value 
relative to that at Mj=1.0 but at Mj=1.52 it’s value falls even below that at Mj=1.0. At 
X/De=20.0, this effect becomes more pronounced at Mj=1.32 showing considerable increase 
in value relative to that at Mj— 1.0 and the entrainment value decreases again at Mj=1.52 
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Figure 5.9: (a) Plot showing the effect of Mach number on entrainment (b) Cross-plot showing 
the entrainment variation with M,- 







CHAPTER 5. 2:1 ELLIPTIC SLOT JET 


no 


but is not less than that at Mj=1.0 as observed at X/De=8.0. Moreover, square notched jet 
shows higher entrainment values at Mj=1.32 and 1.52 relative to triangular notched elliptic jet. 


5.2.2 Pressure Profiles and Jet Spread 
Effect of notch in an Ellipse 

The effect of a notch introduced in the elliptic geometry can also be seen in the pressure profiles 
taken at various X-locations in the X-Y and X-Z planes. Figures 5.10 show the pressure profiles 
for the plain and the notched ellipse in X-Y and X-Z planes for Pe/Pa=1.0, superimposed for 
a better comparison of jet spread. Here, the pitot pressure, Pt, is divided by the stagnation 
pressure Po and plotted against the non-dimensionalized lateral distance, Y/Dg or Z/Dg. The 
spread in the two planes is noticeably different. Along the major-axis side(i.e, X-Z plane. 
Fig. 5.10), for both jets the shear layer is seen to spread faster towards the core indicating 
comparatively lesser growth along the major-axis side as we move axially downstream from 
0.5De onwards to S.ODg. Whereas along the minor-axis side(i.e, X-Y plane. Fig. 5.11), the 
shear layer spreads widely into the surroundings indicating a higher spread throughout and 
even at 15.0De showing that the jet has not become axisymmetric. 

Relative to the plain case, the notched elMptic jet shows a much higher spread in the 
notched plane as is evident in the pressure profiles, beyond S.ODg and this spread increases with 
increasing X/Dg. On the other hand, in the unnotched plane at X/Dg=3.0, notched jet shows a 
slightly lesser groAvth initially. Beyond S.ODg, both plain and notched jets spread approximately 
similarly. This results in the faster spread of shear layer towards the jet centreline relative to 
plain case as is seen by an earlier reduction in the magnitude of centreline pressure for notched 
case in both planes. Some similar trends have been observed at levels of underexpansion 1.5 
and 2.0. 

Effect of notch geometry 

The effect of the notch geometry on the jet spread and growdi can be seen clearly in the 
pressure profiles at various axial locations in both the notched and unnotdied planes. For 
better comparison, all the three cases are superimp^ed, for each plane, on a single plot. 
Figure 5.11 shows such a plot at Mj=1.0 as Ihe jet grows in the downstream direction. Near 




Figure 5.10: Compaxison of pressure profiles for plain and square notched 2:1 elliptic slot 
jets at Mj— 1.0. Plain ellipse: X-Y plane,*; X-Z plane, o. Square notched ellipse: X-Y plane, 
■; X-Z plane, □ 
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the exit, i.e., at X/De 0.5, in the notched plane,i.e., X-Y plane, it is clearly seen that the 
pressure remains constant for a larger extent of the orifice width for square notch with a 
gradual decrease of pressure thereafter, indicating a lesser extent of restricted growth in that 
plane due to larger angle of sharp corners in this notch geometry relative to the triangular notch 
case. This is because the angle of the sharp corner has a strong role to play in the introduction 
of discontinuities in the shear layer[4] which prevent the roll up of uniform vortices in this 
region[3]. Further, the restricted growth of the jet in the notched plane increases as the angle 
of comer decreases. As such the sharp comers in the triangular notch ellipse restricts the growth 
of the jet in the notched plane, greater relative to square notch, and as such the pressure drops 
to the ambient earlier and faster as seen by closer pressure profiles to the centreline for this 
notch. The pressure profiles for the semi-circular notched ellipse lies in between the square 
and triangular notched cases. 

Further downstream of exit location, the notched plane shows progressive spread of shear 
layer towards the jet centreline for both the cases with the shear layer for triangular notched 
ellipse spreading faster. This is the cause for a shorter core-length for triangular notch case. 
Further, the spread of the shear layer towards the surroundings is the fastest for square notch 
followed by plain ellipse and finally, by triangular notch case. This observation validates our 
explanation in the preceding section that the square notch shows a favourable effect in the 
notched plane due to its geometry. Beyond S.ODg, square notch shows considerably higher 
spread relative to the triangular and semi-circular notched jets and continues to do so up to 
20De. However, beyond S.ODg, triangular notched jet catches up with the semi-circular notched 
jet and the two jets spread equally thereafter. 

Let us now observe the effect of notch geometry on the spread of the jet in the unnotched 
plane, i.e., X-Z plane. In contrast to the notched plane, beyond 3.0De, triangular notched jet 
begins to show higher spread followed by square and semi-drcular notched jets up to IS.ODg. 
This observation supports the argument in the preceding section regarding relatively better 
growth of triangular notch jet in the major plane than in minor plane as governed by its 
geometry. The higher restricted growth of the jet in the notched plane(due to sharper vertex 
angle) results in a more intense growth of jet in the unnotched plane, since the area available 
for pressure relief is the same for each jet. The trend of higher growth of triangular notched 
case continues downstream up to IS.ODe, after which square and triangular notched jets show 
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approxiniEtely ths same spread. The semi-circular notched jet, however, shows lower spread 
than the other notched jets in the X-Z plane. 

Thus, from the viewpoint of spread, square notch seems to be more favourable for spread 
in notched plane whereas triangular notch for spread in unnotched plane. 

5.2.3 Jet Half- Width Growth 

The jet half-width growth, ro.s, is defined[4, 1] as the radial/lateral distance from the jet axis 
to the location where the local pressure/velocity drops to half of its centreline value. Figures 
5.12(a)-(c) show the jet spread where the jet half-width is shown as a function of downstream 
distance. Here, ro.s is divided by Dg, the equivalent diameter of non-circular slot. 

Figures 5.12(a)-(b) show the effect of underexpansion level on the jet half- width growth 
for the plain and square notched elliptic cases. The jet-spread for plain ellipse is observed to 
remain approximately the same along the X-Y plane at the two Mach number tested. However, 
for the notched case relative to the plain jet. Figs. 5.12(a)-(b), the spread in the notched plane 
increases considerably after b.ODg both for Mj=1.0 and 1.52 whereas it remains approximately 
the same along unnotched plane. 

Figure 5.12(c) show the comparison of jet half-width growth for plain and square notched 
cases at Mj-=1.0 in notched(X-Y) and unnotched(X-Z) planes, respectively. It is quite interest- 
ing to note that, compared to the plain jet, the square notched jet shows a considerable increase 
in jet growth in the notched plane after 5.0De as seen m Fig. 5.12(c). The jet growth along 
the X-Z plane, however, remains approximately the same for both plain and notched ellipse. 
Thus, the presence of notch is favourable from spread point of view at both Mj=1.0 and 1.52. 
This is a favourable characteristic, since generally with increasing level of underexpansion the 
spread decreases. 

5.2.4 Centreline Pressure Decay 

In the preceding section, it was observed that each notch geometry introduces different spread 
rates in the elliptic-slot jet. The difference in spread between these individual jets also res- 
ults in different centreline pressure decay. Figure 5.13(a) shows the decay of centrdine pres- 
sure with axial distance for the four cases investigated at Mj=1.0. The Pitot pressure Pj are 




Figure 5.12: (a)-(b) Effect of level of underexpansion on jet half-width growlii (c) Effect of 
notch introduction on the jet growth at full expansion 
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divided by the stagnation pressure P o and plotted against the non-dimensionalised downstream 
distance X/Dg. A faster centreline pressure decay is usually a reasonable measure of faster 
jet spread[12]. The plot clearly indicates that under the action of the notch, the jet decays 
faster than the plain cases with the plain ellipse having the least decay followed by semi- 
circular, square and finally, by the triangular notched ellipse which has the mayiTmiTn Also, 
it is evident that the plain ellipse has the longest core-length followed by the semi-circular, 
square and finally by the triangular notched ellipse, which has the shortest. T his observation 
at full-expansion confirms the fiow enhancement brought about by the use of sharp comers in 
the notch geometry of an elliptic jet. It is worth emphasizing here that when higher small- 
scale mixing is desired close to the jet exit, a sharper notch angle is beneficial. This is in 
confirmation to Gutmark et a/[4] observation that as the vertex angle is decreased from 90 
higher fine-scale mixing is introduced in the initial shear layers resulting in the-faster spread 
of shear layers towards the jet centreline. Once the end of the core is encountered, the mixing 
initiated at the exit of the jet gets amplified as is seen by the lower decay. Beyond SO.ODg 
all the jets decay at almost the same rate oblivious of the initial geometry. The two tab case 
in a circular nozzle of Samimyet o/[12] is included in the plot for the purpose of qualitative 
comparison with the present work. It is clearly seen that the core-length for the triangular 
notched ellipse is the same as that of Samimy’s work. The decay of the two tab case is the 
Tna.ximnm with a slower decay after Q.ODg. 

Let us now compare our results with that of Gutmark et aJ[4] on equilateral triangle and 
square nozzle jets. It is, however, to be remembered that slot and nozzle jets have diflierent decay 
characteristics. Slot jets have the presence of slender vortical stractures due to extremely thin 
initial boundary layer (if not negligible) in them[l]. These slender vortices have thin cores(thus 
high vorticity) resulting in strong azimuthal variations in induced velocity. These effects com- 
bine to result in shorter potential core-length relative to jets exiting from contoured nozzles[l] 
which have relatively higher boundary layer growth. Figure 5.13(b) shows such a plot at 
Mj=1.0. Square and equilateral nozzle jets show similar centreline decay. However, isosceles 
triangle shows a shorter core-length and faster decay thereafter. This difference in decay of 
these jets is pr imar ily due to higher turbulence level at the centre of the jet[4]. Relative to iiie 
equilateral triangular and square nozzle jets, our present work of eUipse with triangular notch 
shows much shorter core-lengths and faster decay. Triangular notdied elliptic-slot jet shows the 
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short6St cor6“lcngth, of l.TDg of 3ll the ceses. This niEy be due the higher spre8.d of elliptic jet 
coupled with sharp cornered notches that initiates higher mixing in these jets, as is apparent 
from the Figure. 

5.2.5 Flow Visualization zind Shock-structure 

At imderexpanded conditions(i.e., when the settling chamber pressure Pq was further increased) 
the jet core was observed to be dominated by expansion-compression wave cell structures. In a 
supersonic underexpanded elliptic jet, the series of boimcing expansion and compression waves 
generate a non-symmetric structure of shock-cells, as is seen in Figure 5.14(a)-(b) for plain 
ellipse in major and minor-axis plane(Pics. 47, 49). This is primarily attributed to the angles 
of obhque shocks and expansion fans being different in the two planes of the jet due to which 
the flow changes direction in a non-sjonmetric pattern[21]. Prom the shadowgraph pictures, it 
is discernible that the lateral dimension of shock-cells decreases in the downstream direction in 
the major plane. Fig 5.14(a), whereas it increases slightly in the minor plane, Fig. 5.14(b). This 
IS an indication of axis-switching phenomena in supersonic imderexpanded jets[21]. Relative to 
underexpanded circular jet, the plain elliptic jet shows a faster diffusion of shock-cells. This is 
due to higher spreading rates of elliptic jets in the minor-axis plane[21](Pics. 47,49). 

According to Norum[16] and Wlezien[17], the shape of the nozzle exit geometry greatly in- 
fluences the nature of downstream development of shocks. Further, introducing sharp comers in 
the exit geometry causes changes in the jet behaviour at the different regions in its circumference 
and hence, the shock-cell geometry which eventually affects the jet noise characteristics[122]. 
Figures 5.15(a)-(b)(Pics. 63, 65), show the shadowgraph pictures of notched elliptic jet in the 
unnotched and notched planes, respectively. Relative to its plain counterpart. Figs. 5.15(a)- 
(b), notches are seen to modify the initial shock-cell development. Additional expansion and 
compression waves are seen to emanate from the notches. The interaction of these additional 
waves with the evolving shear layers leads to appreciable changes in the shock structure. Also, 
the thicker shear layers ftmanating from the corners help diffuse die shock structure faster [4]. 
The notched jet, as a result of the above combined effects, is seen to result in shorter shock-cells 
relative to the plain elliptic case. 

Further details of the shock strength and jet decay for the underexpanded elliptic-slot jet 
is illustrated by Pitot tube traverses along the jet centreline. Figure 5.16(a) shows the centreline 
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Figure 5.14 (b): Shadowgraph picture of plain elliptic slot jet in the minor-axis plane, Mj=1.5 



Figure 5.15 (a): Shadowgraph picture of square notched elUptic slot jet in the unnotched/major- 
axis plane, Mj=1.5 



Figure 5.15 (b): Shadowgraph picture of square notched elliptic slot jet in the notched/minor- 
axis plane, Mj=1.5 
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conical circular nozzle generates small-scale structures that shield the shock-structure of the jet 
and hence, act as silencers to jet noise. Further, this fine-scale mixing initiated from the sharp 
corners causes faster spread of shear layers towards the jet centreline[4] and hence, seems 
to weaken the shocks in underexpanded jets. In the present study, the low velocity regions 
observed in the notched plane of elliptic slot jets seem to diffuse the shocks faster relative to 
plain jet. Further, these low velocity regions may also help to shield the shocks and act as 
silencers to noise radiation in these notched jets. 

5.2.6 Shock-cell Length and Screech Tone 

The third and fourth shock-cells have long been known to be the main source of shock-associated 
noise[16, 18]. Also, choked jet-noise and hence, the screech frequency are p rimar ily dependent 
on the length of these shock-cells and hence, on the strength of these shocks in the shock-cell 
system[16]. Therefore, the effect of notch on the average length of shock-cells(up to four cells) 
for the present cases was investigated. Figures 5.17(a) shows the variation of Lo^j/La Vs Mj. 
Here, Lo,;^ is the measured average shock-cell length and Lq the semi-major axis length of the 
plain case. This value of Lo is also used for non-dimensionalizing the average shock cell length 
of the notched ellipse and hence, is referred to as the equivalent semi-major axis length. For 
comparison, Tam’s theory[113] for elliptic jets is included. It can be seen clearly that plain 
ellipse agrees well with Tam’s theory though the curve for the present case lies a little below 
it. For notched cases, a decrease in the average length of shock-cells is seen with the curve 
following the trend of Tam’s theory but lying well below the plain case. This is primarily 
attributed to the secondary structures shed from the corners[3, 46, 4, 60] of notches which 
affect the initial evolution of shear layers and hence, result in faster diffusion of shocks(shorter 
shock-cell lengths). Upto Mj=1.3, there is an erratic behaviour in havg for notched cases but 
beyond Mj=1.3, all the cases show a clear trend. Square notch shows a maximum reduction in 
third shock-cell l eng th at Mj=1.52 followed by triangular notch and finally, by the semi-circular 
notch case which has no sharp comer in its geometry. 

Figure 4.17(b) shows a plot of predicted Strouhal number(fL(f /Uj) of the screech tone 
versus the fully expanded Mach number Mj. As the Mach number increases, the Strouhal num- 
ber of screech decreases. This decrease is due to the increase in shock-cell spacmg with Mach 
number, which causes an increase in the screech wavelength and consequently a 
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decrease in screech frequency [110]. This may be due to the emergence of different instability 
modes or interaction of shear layer structures with the compression or expansion waves[3]. In 
the calculation of predicted Strouhal number, the average shock-cell length, Lavg, was con- 
sidered up to four shock cells at different underexpanded levels. This value of Lavg was used 
in the screech tone frequency formula obtained by Tam et ol[95] in conjunction with Tam’s 
formula[113] for shock-cell length of elliptic jets with aspect-ratio less than four. In Fig. 
5.17(b), Tam’s analytic solution[113] of the screech Strouhal number versus Mj for elliptic 
jets, is also shown for comparison of our present work with Tam’s theory. The present work 
shows good agreement with Tam’s analytic solution with the points following the same trend 
though they lie a little above it. This is once again due to effects t 3 q)ical to slot jets. Since 
with increasing Mj, an increase in Strouhal number relative to other cases indicates decrease in 
shock-cell spacing[110], the plot clearly shows that square notch is expected to have better noise 
characteristics followed by triangular notch relative to its plain counterpart. This may be due 
to thicker shear layers emanating from the corners resulting in faster diffusion of shock-cells [4]. 
Experimental work for rectangular jets is also included to show the Strouhal number trends 
in literature and for comparison with rectangular and elliptic jets. These points lie well below 
Tam’s theory for 2:1 elliptic jets. However, these are measured Strouhal number values instead 
of predicted values. 

5.2.7 Aeroacoustic Characteristics 

Prom a practical point of view, noise reduction is probably the most important challenge of 
aU. Past experiences indicate that improved mixing in the jet flow has invariably the beneficial 
side effect of substantial noise reduction[33]. Improved mixing reduces turbulence and hence, 
noise[30, 33]. Since it is envisaged that future generation of High Speed Civil Transport (HSCT) 
will have non-circular nozzle geometry [33] , most of the current noise reduction effort have been 
channeled into development of enhanced mixing devices. It has been recognised in literature 
that noise from shock-containing supersonic jets consist of three principle components, namely, 
the dominant part of turbulent mixing noise, the broadband shock-associated noise and the 
screech tone all of which are generated by large-scale structures/instability waves of the jet 
flow[95, 33, 32]. The last two sources exist, of course, only when a shock-ceE structure is 
present inside the jet flow. 
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The experimentally observed characteristics of sound radiation from fully expanded(shock- 
free) and underexpanded(shock-containing) elliptic-slot jets with and without the notches are 
described in the present section. In particular, the characteristics of broadband shock-associated 
and turbulent mixing noise from underexpanded jets are examined over an extensive envelope of 
supercritical jet operating conditions and observer angle. Further, the spectral and directional 
characteristics of both types of noises will be identified. 

Acoustic Spectrum Analysis 

In the far-field, the measured frequency of screech tone is the same regardless of the direction 
of observation[95]. This is in contrast to the strong directional dependence of the broadband 
shock-associated noise. However, the spectrum analysis is done at only one polar/observation 
angle, 9 = 150° to the upstream jet direction. Further, the earlier studies reveal[95, 33] that 
the fundamental screech tone frequency is always smaller than the frequency of broadband 
shock-associated noise. 

Figures 5.18(a)-(b) shows the far-field spectral characteristics of a plain elliptic-slot jet for 
acoustic radiation at 9 = 150° to the jet upstream direction with the jet operating at full 
expansion and at underexpanded condition with an equivalent Manh number, Mj=1.5. The 
acoustic spectra is, however, measured only in the notch/minor-axis plane of ellipse. The 
power spectrum of the fully expanded jet. Fig. 5.18(a) is broad and smooth and consists 
of purely turbulent mixing noise. A peak in the jet mixing noise at 8 kHz is observed. On 
the other hand, when the jet is operated at underexpanded condition, the acoustic spectrum 
contains an extra noise contribution due to the presence of shock structure in the jet flow, in 
addition to the turbulent mixing noise, as seen by the higher noise intensity in the spectrum, 
see Fig. 5.13(b). Three dominant components of noise are clearly identified from the spec- 
tra. Very prominent in this acoustic spectrum is the discrete frequency peak at approximately 
16 kHz and is referred to as the screech component of jet noise. The low frequency broad- 
band peak occurring at approximately 4-13 kHz, Fig. 5.18(b), to the left of the screech tone 
is associated with jet mixing noise, while the high frequency broadband spectrum to the right 
of the fundamental screech frequency is the broadband shock-associated noise of an underex- 
panded jet as per the findings of Ponton and Seiner[76] and Tam[33]. Here if we compare the 
spectral characteristics of plain elliptic-slot jet with that of plain circular-slot jet in chapter 4, 



Power(dB) g Power(dB) 


rff AFTER 5. 2:1 ELLIPTIC SLOT JET 


127 



Frequency, kHz 


5.18: (a) Fax field spectral characteristics of plain elliptic slot jet at Mj=1.0 
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Figure 5.18: (b) Far field spectral sharacteristics of plain elliptic slot jet at Mj=1.5 
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: (a) Far field spectral characteristics of square notch elliptic slot jet at Mj=1.0 
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Figure 5.19; (b) Fax field spectral characteristics of square notch elliptic slot jet at Mj-1.5 
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Figs. 5.18(b) and 4.13(b), we find that the peak screech component for ellipse shows a reduc- 
tion by 4.5 dB. Further, significant reduction in the high frequency broadband shock-noise is 
observed for ellipse indicating a relatively weaker cell-system relative to plain circular case. 

Let us compare the acoustic spectra acquired for elliptic jet with notches with that of plain 
elliptic jet. Figures 5.19(a)-(b) show such a spectra for a square notch elliptic-slot jet. At full 
expansion. Fig. 5.19(a) and Fig. 5.18(a), a slight decrease in the low frequency content of jet 
miYing noise can be seen(5-10 kHz) for notched elhptic jet. Furthermore, the peak noise due 
to turbulent mixmg decreases by 5dB, relative to the datum jet while the high frequency jet 
noise remains approximately the same. If a comparison is now made for the underexpanded 
case. Fig. 5.18(b) and 5.19(b), the square notch jet shows a reduction in the peak component 
by approximately 7 dB. Furthermore, a shift in the fundamental screech frequency to 20 kH?: 
is evident. The broadband shock-associated noise to the right of this peak shows a slight 
decrease in the high frequency jet noise, indicating a weaker shock-cell system[76, 26]. On 
the other hand, the low frequency content, i.e., the jet mixing noise, is observed to decrease 
significantly. Some similar trends in the acoustic spectrum of triangular and semi-circular 
notch jets were observed. However, the peak component in triangular case shows a reduction 
of 5 dB whereas the semi-circular case shows the same magnitude of screech component as the 
plain elliptic jet. The acoustic spectrum of these notch configurations are not shown since the 
overall characteristics approximately are the same as that for square notch slot jets shown. 

The acoustic spectrum results indicate that the differences in the slot perimeter, provided 
by variation in notch configuration, may alter the acoustic emission characteristics of these 
jets not only in the screech component but also in the turbulent mixing and broadband shock 
noise. These differences point out the corresponding aerodynamic changes[76] brought in by 
notdi introduction and its geometry. The significant differences existing in the jet mixing 
3nd broadband shock-noise radiated energy suggests that modification in the jet-noise source 
mechanisms and hence, the instability characteristics has occured[76]. 

Overall Sound Pressure Results 

The deviation of the jet from sjTtnmetry, either by eccentricity, as in the elliptic jet, or by intro- 
duction of sharp corners, as in triangular and square jets, causes changes in the jet behaviour 
a.t the different regions around its circumference[122]. These changes are related to the local 
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radius of curvature of the nozzle edge that affects the flow instability characteristics [122, 76], 
the evolution of large-scale structures, shock-cell development [16, 122, 4, 30], and eventually 
jet noise characteristics[16, 122, 2]. 

The fax-field noise characteristics of underexpanded elliptic-slot jets with and without 
notches are presented in Figs. 5.20(a)-(d). The noise intensity is examined at two observer 
angles, i.e., 0=90°, 150°, R/De=50, as the level of underexpansion is increased. These values of 
9 and R/De were selected after a detailed survey of literature[66, 118, 26, 76, 119]. The meas- 
urements were made from the fuUy expanded condition to high level of underexpansion with an 
equivalent Mach number of Mj=2.0. It is clearly discernible from the plots. Figs. 5.20(a)-(d), 
that the noise intensity jumps as soon as shocks begin to appear in the jet flow. Further, worth 
observing is the difference in OASPL values between major and minor-axis/notch planes. 

One of the principal characteristics of the radiation field of a non-circular jet is its depend- 
ence on the plane of measmrement with respect to the nozzle exit [26]. It has been observed[125], 
that the noise radiated from an elliptic jet was different in amplitude in the major and minor- 
axis planes[123]. This difference in noise production according to Crighton[123] was related to 
the instability characteristics in the two planes which is attributed to different spatial growth 
rates along the major and minor-axis planes[123, 58] since most of the external fluid is entrained 
into the jet stream at the minor-axis sides[20]. Further, at underexpansion, the series of boun- 
cing expansion and compression waves generate a non-symmetric structmre of cells. The angles 
of the oblique shocks and expansion fans are different in the two planes of the jet and the flow 
changes direction in a non-symmetric pattern[21] leading to a variation in the instability char- 
acteristics around their circumference. This contribution from shock-shear layer interaction 
results in a substantial increase in the spreading rate along the minor-axis plane whereas the 
spread remains approximately the same along major-axis plane[21]. AH these factors contribute 
to a lesser noise intensity along the minor-axis plane[26, 46, 123] relative to major-axis side 
which behaves more or less like a circular jet. 

As the observer moves from 0=90° to 150° the significance of shock-associated noise in- 
creases progressively, and at 0=150°, the levels at supercritical pressure ratios are dominated 
by the contribution from shock noise[66, 76], Figs. 5.20(a)-(d). At 0=90°, in the minor- 
axis/notched plane. Fig. 5.20(a), the notched jets show approximately same value for all cases 
up to Mj=1.4 with plain ellipse showing sli^tly lesser noise levels. Plain circular jet shows a 
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Figure 5.20: Fax field overall sound pressure results for plain and notched elliptic slot jets at 
two polar angles, R/De=50.0 from jet exit 
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niinimuin sound intensity with higher jet mixing noise from notch jets indicating higher contri- 
bution of turbulent mixing noise[66, 33, 118] in elliptic jets. Presence of notch is further seen 
to slightly increase the mixing noise relative to plain elliptic jet. 

In the major-axis/tmnotched plane of plain ellipse, the noise contribution is observed to 
be significantly higher(by 4dB) relative to that along minor-axis plane. Figs. 5.20(a)-(b), at 
Mj= 2.0. However, the presence of notch in the minor-axis plane brings down the noise levels 
of these jets along the major-axis plane, relative to plain case(between'Mj=1.2 to 1.8), Fig. 
5.20(b) thereby slightly reducing the noise gap between the two planes of these jets. This 
suggests modifications in the shock-shear layer interaction, by notch presence, which affect the 
jets behaviour and hence, the noise emission characteristics in the two planes. 

For observer angle of 0=150°, however, a different trend in OASPL is observed as was 
also observed by Powell[119]. Since this is the direction in which the shock-associated noise is 
radiated[66, 76, 33, 118, 32], plain circular-slot jet is seen to radiate significantly higher noise 
levels relative to that along minor-axis /notched plane of notched jets. Fig. 5.20(c). Slight 
fluctuation in OASPL values is seen between Mj=1.2 and 1.4 for plain ellipse. This may be 
due to the jets flapping motion in the minor-axis plane[124, 21] since at certain shock-spacings 
the jet oscillations are stronger than at others[128, 104]. Since these jet oscillations are directly 
related to the acoustic emission of broadband shock-associated noise at 30° to the downstream 
jet direction[32, 33, 76, 66] as such the radiated noise will have a fluctuating value in this 
range of Mj, as seen in Figs. 5.20(c)-(d). The notched plane shows significant reductions 
in broadband noise levels for each notch configuration. Plain ellipse is seen to show a 3 dB 
reduction relative to plain circle at Mj=2.0. Relative to plain ellipse, square notch jet shows a 
7.5 dB reduction followed triangular notch with 6.5 dB and semi-circular with 5.5 dB reduction 
in shock-noise levels. The shock-associated noise levels in the major-axis plane, however, shows 
approximately same levels for notched jets. 

This suggests a weaker shock-cell system in the notched plane of these jets relative to that in 
the minor-axis plane of plain ellipse. This may be due to the additional expansion and compres- 
sion waves emanating from the notches as observed from shadowgraph pictures(Pic. 59, 61) 
which seem the shock-shear layer interaction and hence, the noise source mechamsms signific- 
antly in the notch planes of these jets. This difference in acoustic characteristics between major 
and minor-axis planes is typical of non-circular jets(especially ellipse) where minor-axis sides 
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Figure 5.21: Azimuthal directivity of overall soimd pressure levels for plain and notched 
elliptic slot jets at (a) Mj=1.0, (b) Mj=1.5 

show lesser noise intensity due to higher spread in this plane relative to major plane[26, 122, 
123, 124, 21, 125]. 

Pannu and Johanneson[8] observed that a triangular notch in a conical nozzle generates 
small-structures that shielded the shock-structure of the jet and hence, acted as silencers to 
jet noise. Further, this fine-scale mixing from sharp corners of triangular jets causes a faster 
spread of shear-layer towards the jet centreline[3] and hence, seems to weaken the shocks in 
underexpanded jets. It may, therefore, be suggested that the reduction in the magnitude of 
OASPL is due primarily to the weak shock-cell structure in notch jets and hence, significantly 
reduced shock-associated noise. Further, the square notch configuration seems to be the best 
for far-field noise reduction of elliptic-slot jets. 

Azimuthal Directivity 

It is well known that non-circular jets spread diflFerently in different planes and as such radiate 
different noise intensities in different planes[26, 21, 125, 124, 123] as has also been seen in the 
preceding section. The present section discusses the results of azimuthal directivity for jets 
with and without notches for two values of Mach number, Mj=1.0 and 1.5. The measurements 
were made starting from major-axis side, passing through the minor-axis side(having the notch) 
and ending up at the other end of minor-axis side. The microphone was positioned and moved 
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in a circulax arc on a fixed aluminium quadrant, mounted on a tripod stand, at fixed inter- 
vals of 10°, R/De=24. Figures 5.21(a)-(b) shows the azimuthal variation of fax-field OASPL 
at ^ = 90°, X/De=0.0. At full expansion, plain circle shows the minimum noise intensity 
without any preferred direction as is expected due to symmetry of slot geometry. Rel at ive 
to plain circle, plain ellipse shows 1 dB increase in mixing noise. Notched jets, relative to 
plain ellipse, further show increase in jet mixing noise with triangular notch jet showing max- 
imum value(2dB increase) followed by semi-circular and square notch jet(3.0dB). However, a 
slight decrease(0.5 dB) in noise levels is apparent in the region of the notches(^=80° to 100°) 
/minor-axis plane relative to major-axis plane. 

At underexpanded condition. Fig. 5.21(b), the difference in noise radiated from major 
and minor-axis planes widens and is clearly discernible. This is primarily due to the strong 
asymmetry of shock angles in the two planes which cause the flow to change direction in a non- 
symmetric pattern[21]. Further, it has been observed[21] that min or-axis plane is dominated by 
flapping mode (resulting in larger spread and hence, lesser noise levels) while on the major-axis 
plane symmetric mode is prevelant. The plain circular jet shows the maximum shock noise 
with no preferred direction. As much as 8-10 dB reduction is seen in the minor-axis/notched 
plane relative to plain circulax case. The presence of notches further brings down the shock- 
noise levels significantly in the major-planes of these jets. Fig. 5.21(b). As mudi as 3dB to 
4.5 dB reduction is observed relative to plain ellipse and this results in the notch jets showing 
approximately no preferred direction of shock-noise in the two planes. This may be due to the 
additional expansion and compression waves originating fi:om the notch geometries as seen in 
the shadowgraph photographs(Pic. 59, 61). These waves seem to circumferentially modify the 
downstream shock-structure development and hence, alter the acoustic emission of these jets. 

As was also seen in the acoustic spectra of plain circulax jet. Fig. 4.13(b), the SPL is 
dominated by a sharp peak characteristic of screech. Spectra of plain and notch ellipse. Fig. 
5.18(b) and 5.19(b), show significant reductions in this peak value presumably because the 
azimuthal curvature variation results in a non-sjunmetric shock-pattern and effects the feedback 
system which supports screech mode[16, 17]. Further, the azimuthal dependence may be due 
to the resulting 2 is 3 anmetric spreading and deflection characteristics of these jets. 
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Radial Directivity in the Aft-Quadrant 

In the preceding sections we have discussed about the spectral, azimuthal dependence and 
overall sound intensity characteristics with the microphone positioned at two polar angles, 
^=90^,150'’. In the present and concluding part of our acoustic study on elliptic-slot jets, we 
will discuss the angular directivity of jet noise in the aft quadrant. Here, the region defined 
by ^=0-90 degrees is referred to as the forward quadrant and by ^=90-180 degrees as the aft 
quadrant in accordance with the norms followed by Alvi ef o/[26]. 

Figures 5.22(a)-(b) show the cases investigated at full expansion in both planes. The jets 
show a clear and distinct noise intensity pattern. It is discernable that the dominant part of 
the noise is confined in the aft quadrant at angles greater than 100 degrees in both the planes. 
Whereas for angles less than 100 degrees, the jet noise is low and relatively independent of 
direction. It is believed[32, 33. 66, 118] that this low level noise is generated by fine scale tur- 
bulence of the jet flow whereas the dominant part is generated directly by large-scale structures 
in the jet flow. Relative to plain jet, notch jets show higher noise intensity in both planes for all 
angles in the aft quadrant. This may be due to the dominance of turbulence structures in notch 
jets in accord with the present imderstanding of turbulent mixing noise of jets[33]. Further, for 
notch jets, for d > 140°, the jet noise intensity ceases to increase and attains an approximately 
constant value. Notch geometry, further, has influence on noise intensity. Triangular notch jet 
shows a dominance, as was also observed in azimuthal directivity plots, of jet noise followed 
by semi-circular and finally, by square case which shows minimum value. 

Figures 5.23(a)-(b) depicts the case of underexpanded(shock-containing) jets at an equival- 
ent Mach number, Mj=1.5. It is discernable from Figs. 5.22 and 5.23, that shock-associated 
noise dominates over the turbulent mixing noise levels at all angles. The plain circular shows 
a fluctuating noise intensity pattern between observer angle of 110° and 130°. The plain and 
notch elliptic jets, however, show a distinct variation of OASPL with observer angle. 

In the minor-axis/notched plane. Fig. 5.23(b), approximately uniform noise levels are 
observed up to 0 = 110° indirating that the noise radiated by shocks in these jets is fairly 
ommdirectional and is confined for angles greater 110°. Both plain and notch jets show aprrox- 
nnately same turbulent mixing noise levels up to 110°. For observer angle greater than 110 , 
sll the jets show increase in shock-noise levels indicating that the directivity in the forward 
quadrant is primarily controlled by mixiTig noise levels[26, 66], whereas in the aft quadrant the 
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Figure 5.22: Radial directivity for plain and notched elliptic slot jets at Mj— 1.0 
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Figure 5.23: Radial directivity for plain and notched elliptic slot jets at Mj— 1.5 



CHAPTER 5. 2:1 ELLIPTIC SLOT JET 


138 


totsl noise levels axe dominateci by shock-associated noise. Plain elliptic case shows a steady 
increase in shock-noise levels and for 6 > 135° dominates over the noise from notch jets. 
However,, for 6 > 155° it attains a uniform value. Notched jets, on the other hand, tend to 
attain a nearly uniform value for 6 > 125° and for 9 = 160° show significantly reduced shock- 
noise levels. At 9 = 160°, plain ellipse shows a 4.5 dB reduction relative to plain circle while 
relative to plain ellipse square notch jets shows 5.5 dB reduction followed by triangular case 
with 4.5 dB and semi-circular case with 3.5 dB reduction. 

In the major-axis plane, Fig. 5.23(a), some different trends are observed. Mixing noise 
levels in the forward quadrant show increased noise relative to minor-axis plane for plain 
ellipse, notch jets, however, show significant reduction in jet mixing noise(3-5dB). In the 
forward quadrant, mixing noise for plain ellipse shows no preferred direction. But in the aft 
quadrant, relative significance of shock-noise is seen with steady increase in SPL. Cut-out jets 
show steady increase in shock-noise for 9 > 105° and reaches a maximum at 0 = 160°. At 
the maximum observer angle, relative to plain ellipse, square notch jet shows a 4dB reduction 
followed by triangular case with 2.5 dB and semi-circular case with 1.5 dB reduction. 

In summary, therefore, it appears that the sound intensity of both turbulent mixing and 
shock-associated noise is relatively dependent upon the notch geometry and hence, the initial 
jet conditions and shear layer development. Further, major-axis sides radiate higher noise 
levels relative to minor-axis sides. And, finally the noise intensity is principally a function of 
jet pressure ratio. In other words, the sound field from jets is characterised by three basic 
parameters (i) Pressure ratio Pe/Po or level of underexpansion Pe/Po (ii)the observer angle 9, 
and (iii) the slot perimeter variation(notch geometry) with same area as datum slot. 

The total noise from underexpanded jets contains contribution from both mix i n g and shock- 
associated noise. Close to the jet exit, the total acoustic field is controlled by turbulent mixing 
noise and as the observer moves from the forward quadrant into the aft quadrant, the shock- 
associated noise becomes increasingly important relative to mixing noise levels. From the trends 
discussed above, it becomes evident that the contribution of shodc-associated noise to the total 
noise is significant at (i) supercritical pressure ratios, (ii) large angles to the downstream jet 
axis. 
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5.3 Conclusions 

A passive control of ax^hieving neax-field mixing enhancement in slot jets is demonstrated. Since 
mixing is initiated by introducing azimuthal and longitudinal instabilities at the exit plane, azi- 
muthal instability in the form of non-uniform curvature variation, i.e. ellipse, and longitudinal 
instability in the form of notches is introduced in the exit geometry. These two instabilities 
result in the faster spread of the shear layer into the jet core. Favourable characteristics are 
mduced by the introduction of sharp comers in the periphery of the slot. The conclusions on 
the basis of the observations made are the following: 

• The plain elliptic-slot jet is observed to grow slowly along the major-axis plane with a 
simultaneous faster growth along the minor-axis plane. This is in conformation to earlier 
studies that elliptic jets undergo axis-switching phenomena. 

• The sharp corners and flat sides of the notch greatly influence the jet growth in the 
notched plane[3]. Since same area is available for pressure relief, the higher jet growth 
in the notched plane intensifles the axis-switching phenomena thereby causing the jet to 
entrain more of ambient fluid towards the centreline. 

• The square notch provides low velocity regions in the notched plane whereas the triangular 
notch about the notched plane in between the major and minor planes. 

• The arrangement plays a vital role in inducing high rates of mixing throughout the jet 
field as seen from mass-flux ratio plots wherein the sharp cornered notched jet shows 
signiflcant increase in m/me for ^ll test conditions and hence, results in favourable jet 
characteristics. 

• The presence of a sharp corner in the notch geometry induces higher mixin g thereby 
showing drastic reduction in core-lengths. Notched elliptic jets show a drastic reduction 
of the core length followed by a faster decay for both Pe/Po=l-0 and Pe/Pa=2.0. 

• The angle of the notch comer seems to play a strong role in controlling the mixin g 
characteristics in elliptic jets with the triangular notch showing minimum core-length 
and maximum decay. 
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• The square notched elHptic jet shows highest spread in both the minor-axis and major-axis 
side relative to the triangular and semi-circular notched elliptic jets. This higher spread 
is observed to be independent of the level of underexpansion. Spread in the major-axis 
side is not much affected. 

• Relative to its plain counterpart, notches are seen to modify the initial shock-cell de- 
velopment. Additional expansion and compression waves are seen to pmanatp from the 
notches. The interaction of these additional waves with the evolving shear layers leads to 
appreciable changes in the shock structure. Also the thicker shear layers emanating from 
the corners help diffuse the shock structure faster[4]. The notched jet, as a result of the 
above combined effects, is seen to result in shorter shock-cells relative to the plain elliptic 
case. 

• The variation of the average shock cell-length of both plain and notched jets with fully 
expanded jet Mach number, Mj , follows the trend predicted by Tam[113]. But the shorter 
cell lengths for notched cases may be due to the relatively faster diffusion of cells due 
to thicker shear layers emanating from the corners. Square notch shows the weakest of 
shocks in the jet core. 

• The predicted screech tone frequency of plain and notched elliptic-slot jets closely follow 
Tam’s theory. The deviation observed is due to complicated shock-shear layer interaction 
and secondary instabilities shed from the corners of the notch. 

• The low velocity regions observed in the notched plane of elliptic slot jets seem to diffuse 
the shocks faster relative to plain jet. Further, these low velocity regions may also help 
to shield the shocks and act as silencers to noise radiation in these notched jets. 

• Significant reduction in the high frequency broadband shock-noise is observed for ellipse 
indicating a relatively weaker cell-system relative to plain circulax case. 

• Notches are observed to result in reduction of both jet mixing and broadband shock 
associated noise relative to plain ellipse. Further, square notch shows maximum reduction 
in screech tone amplitude followed by triangular notched ellipse. 

• The acoustic spectrum results indicates that the differences in the slot perimeter, provided 
by variation in notch configuration, may alter the acoustic emission characteristics of these 
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jets not only in the screech component but also in the turbulent jet-mixing and'broadband 
shock noise. These differences point out the corresponding aerodynamic changes[76] 
brought in by notch introduction and its geometry. The significant differences existing in 
the jet mixing and broadband shock-noise radiated energy suggests that modification in 
the jet-noise source mechanisms and hence, the instability characteristics has occurred[76]. 

• The minor-axis side of plain ellipse radiates significantly lesser noise intensity relative to 
that along major-axis plane. This difference is primarily due to difference in jet spread 
and shock angles along the two planes. 

• At 0 = 90®, notches bring down the noise levels along the major axis plane thereby 
reducing the noise gap between the two planes. This suggests modifications in the shock- 
shear layer interaction, by notch presence, which affect the jets behavioun and hence, the 
noise emission characteristics in the two planes. 

• At ^ = 150®, significant reductions in broadband shock noise levels is observed for each 
notch geometry in the notched plane relative to plain case while the noise levels are 
approximately the same along major planes. The notches, therefore, seem to modify the 
shock-shear layer interaction and hence, the noise source mechanisms significantly in the 
notch planes of these jets. 

• The presence of notches further brings down the shock-noise levels significantly in the 
major-planes of these jets. As much as 3dB to 4.5dB reduction is observed relative 
to plain ellipse and this results in the notch jets showing approximately no preferred 
direction of shock-noise in the two planes. The additional waves from the notches seem 
to circumferentially modify the downstream shock-structure development and hence, alter 
the acoustic emission of these jets. 

• Spectra of pl ain and notch ellipse show significant reductions in screech tone amplitude 
presumably because the azimuthal curvature variation and the notch presence results in 
a non-symmetric shock-pattern and effects the feedback system which supports screech 
niode[16, 17]. 

• For observer angle greater than 110®, all the jets show increase in shock-noise levels 
indicating that the directivity in the forward quadrant is primarily controlled by mixing 



CHAPTERS. 2:1 ELLIPTIC SLOT JET 


142 


noise levels[26, 66], whereas in the aft quadrant the total noise 
shock-associated noise. 


levels are dominated by 



Chapter 6 

Effect of Aspect-Ratio 

Effect of Aspect-Ratio on the Mixing and Noise Characteristics 
of Plain and Notched Elliptic Slot Jets 

6.1 Introduction 

In the preceding chapter we have discussed the results obtained by introducing a notch in a 
small aspect-ratio (2:1) elliptic-slot jet. Further, the effect of notch geometry on the mixing 
and noise characteristics of 2:1 elliptic jet was investigated. In the present chapter we are 
extending the investigation to 3:1 and 4:1, i.e., moderate aspect-ratio, elliptic-slot jets. The 
prime objective is to study the change in the mixing and noise characteristics as the aspect-ratio 
is increased from small to moderate values. 

In literature, investigations have been independently carried out for 2:1[20], 3:1[21, 58] and 
5:1(121] aspect-ratio elliptic jets. Previously Hussain and Husain[l] carried out a comparative 
study of aspect-ratio effect in the range 2:1 and 8:1. He observed that for a given equivalent 
diameter, the aspect-ratio is an important parameter controlling the deformation and topolo- 
gical changes, i.e., bifurcation, of large-scale vortical structures in elliptic jets, and that the 
dynamics of low aspect-ratio elliptic jets are basically different from that of jets of moderate to 
high aspect-ratios. In low aspect-ratio jets, the deformation as well as the self-induced inward 
and outward displacements of parts of elliptic structures are smaU[l] and as such there is a dom- 
inance of large-scale activity [5]. In higher aspect-ratio jets, the azimuthal deformations tahe 
longer time to evolve in the streamwise direction than in small aspect-ratio jets[5]. When the 
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distortions become appreciable the vorticity is already very diffused and hence, the entrained 
fluid induced by these diffused vortices would be much lesser[20]. As such there is a domin- 
ance of small-scale activity in higher aspect-ratio jets. And since, entrainment of mass-flow is 
primarily due to large-scale activity, a low aspect-ratio jet shows higher bulk mixing[20, 58]. 
In addition, the axis-switching location was found to be a linear function of aspect-ratio in 
elliptic[l] and rectangular[5] jets for the entire range of aspect-ratios studied. However, the jet 
aspect-ratio in the study of Krothapalli et a/[5] were quite high; from 5 to 16. In this range of 
aspect-ratios, the jet behaves more or less like a two-dimensional jet[106, 5, 20]. 

When a jet is used for mixing purpose or for thrust augmentation, a large mass entrainment, 
especially near the nozzle, is desired. It was shown by Winant and Browand[41] that in two- 
dimensional flows, entrainment is dominated by vortex merging alone. However, in three- 
dimensional elliptic jets, entrainment is due to vortex merging and azimuthal deformation of 
vortices at the same time[20]. Also, it was observed by Wlezien and Kibens[17] that nozzles 
with intermediate origins generated non-circulax vortices resulting in large entr ainment . Thus, 
the asymmetry of these vortical structures is a technique or a means, active or passive, to 
enhance entrainment. 

The present investigation is aimed at studying the effect of aspect-ratios, from lower to 
moderate range, i.e., 2:1, 3:1, 4:1, on the mean flow characteristics of elliptic slot jets. All 
the previous studies have been carried out for incompressible range[106, 40, 1, 5]. In this 
chapter we extend the study to fully expanded and underexpanded sonic free jets. Also, it has 
been reported in literature, that the initial development of the jet is largely dependent on the 
conditions at the nozzle exit flow[30, 106, 58, 4]. As such instability in the form of notches are 
introduced along the minor-axis side. This has been done, in particular, to enhanced mixmg 
in that plane as has also been discussed earlier. The effect of aspect-ratio and notch geometry 
on the far-fleld noise of elliptic slot jets has also been carried out. 




Figure 6.1: Iso-velocity contours for plain elliptic slot jets, Mj=1.0: (a)-(c) 2:1, (d)-(f) 3:1 
and (g)-(i) 4:1 

6.2 Results and Discussions 

6.2,1 Iso-velocity Contours 

Figures 6.1(a)-(i) show the iso-velocity contours for plain ellipse with vaxyir^ aspect-ratio for 
the fully-expanded case. As observed by Hussain and Husain[l], the plain ellipse grows slowly 
initially along its major-axis side with simultaneous faster outward movement of the jet along 
the minor-axis side. Thus, a pumping action[l] starts bringing in ambient fluid towards the 
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Figure 6.2: Iso-velocity contours for squaxe notched elliptic slot jets, Mj=1.0: (a)-(c) 2:1, 
(d)-(f) 3:1 and (g)-(i) 4:1 

jet-centreline along major-axis side and vice-versa along the minor-axis side, and hence initiat- 
ing the axis-switching phenomena typical to non-circular jets. This axis-switching phenomena 
IS responsible for higher mixing rates observed in non-circular jets. However, it has been 
reported[106, 20] that large entrainment is not observed in high aspect-ratio jets and sugges- 
ted that the optimum value is between 2:1 and 3:1. This fact is evident in Ihe entrainment 
comparison plots discussed later. 
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A comparison of the iso-velocity contours at the same axial stations for the plain and 
square notched jets very clearly indicates the effect introduced in the fiowfield by the presence 
of notches in each aspect-ratio, Figs. 6.1(a)-(i) and 6.2(a)-(i). The physics for this peculiar 
flowfield in the notched jet lies with the presence of azimuthal instabihty in the form of sharp 
corners of the notches and its flat sides as discussed in the preceding chapter on small aspect- 
ratio jets. It is seen from the contour plots that the 2:1 square notched jet switches axis 
earlier. Keeping in mind that a smaller spacing between the velocity contours indicates lesser 
entrainment into the jet and vice-versa, it is observed that as the jets grow in the downstream 
direction the spacing between the contours for 2:1 case is higher than that for 3:1 and 4:1 jets 
at X/De=5.0. This indicates that the 2:1 square notched elliptic jet entrains more of ambient 
flmd followed by 3:1 and 4:1 square notched jets. 

Let us now try to understand the physics behind this pecuUar behaviour of jets as aspect- 
ratio is increased. It is well known that in low aspect-ratio jets, there is a dominance of large 
scale activity [5, 20]. And since entrainment of mass-flow is due to large-scale activity, a low 
aspect-ratio jet shows higher bulk mixing. Now a discontinuity introduced in 2:1 jet in the 
form of a sharp cornered notch greatly influences the uniform growth of vortices in that plane 
This effect, however, is reduced as the aspect-ratio is increased to 3:1 jet and finally, to 4:1 
jet where it is not seen at all, Figs. 6.1 and 6.2. Since for 3:1 and 4:1 cases, the deformations 
take relatively longer to evolve the effect of notch does not seem to be as strong as in 2:1 
case. Further, the disturbance introduced by the notch in 3:1 jet seems unable to influence 
the the complete jet growth as the major-axis ends are far off relative to 2:1 case. Also with 
increasing aspect-ratio, the sharper curvature at the major-axis side seems to contribute to the 
small-scale activity due to higher azimuthal deformations. These effects delay the a zimu thal 
deformations typical to relatively higher aspect-ratio jets [5]. For 4:1 jet the effect is more 
pronounced, relatively, so that there is a dominance of small-scale activity firom both notch 
effect (XY-plane) and higher curvature of major-axis side(XZ-plane) as a result of which the jet 
shows a uniform growth in YZ-plane at X/De=2.0, Fig. 6.2(h). Since small-scale activity helps 
in shielding the shock-associated noise of underexpanded jets and hence, act as sil€ncers[8], 3:1 
end 4:1 jets are expected to show considerably lower OASPL than 2:1 jet which, relative to 3:1 
and 4:1 jets, have a dominance of large-scale activity as will be seen later. 

Figure 6.3(a) shows the effect of aspect-ratio on the entrainment at Mj-=1.0 for plain elHpse. 
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Figure 6.3(a)-(b): Entrainment comparison with aspect-ratio for plain and notched elliptic 
slot jetsat Mj=L0 

la these plots ‘m’ is the local ma s s -flux and ‘me’ the mass-flux at the slot exit. For the sake of 
comparison, entrainment for plain circle is included showing the advantage of using non-circular 
exit geometries for the purpose of enhanced mixing. The 2:1 elliptic jet shows a significant 
increase in entrainment relative to plain circular jet. At l.ODe, the increase is 30 percent which 
goes upto 100 percent at 8.0De(40 percent at 30.0De)- Mass-flux ratio of 2:1 jet is followed by 
3.1 and 4:1 jet with 3:1 showing slightly higher value than 4:1 jet. All the elliptic cases show 
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Figure 6.3(c)-(d): Entrainnieiit comparison with, aspect-ratio for plain and notched elliptic 
slot jets at Mj=1.0 

higher entrainment than plain circular jet. The decrease in entrainment with increase in aspect- 
ratio may be attributed to the fact that as the aspect-ratio increases, the azimuthal deformations 
take longer to evolve in the streamwise direction and by the time they become appreciable, the 
vorticity has already diffused[106, 5]. The entrained fluid induced by these difibised vortices 
would be much less and hence, a large mass entrainment was not observed[l] relative to 2:1 
elliptic jet. 

Let us now study the effect introduced by discontinuities in the form of notches, independ 
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ently on aspect-ratio as seen in Figs. 6.3(b)-(d). For square notch, the trend remains the same, 
with 2:1 showing the maximum value Mowed by 3:1 and 4:1. For triangular case, the trend 
IS 2:1 jet Mowed by 4:1 and 3:1, with 4:1 and 3:1 showing approximately the same values. 
And finally, semi-circular notch, for which it is observed that this notch configuration effects 
the mass-flow characteristics significantly for elliptic jets. Here, 4:1 jet shows the maviTnnr^ 
entrainment followed by 3:1 and 2:1 which do not exhibit any significant difference in values. 
Prom the above observations it can be concluded that absence of a sharp comer in a notch 
seems to be beneficial for mixing characteristics of 4:1 elliptic jet. This notch configuration 
seems to hasten the azimuthal deformations which are otherwise delayed in high aspect-ratio 
plain elliptic jets. Similarly an acute angle or a sharp corner in the geometry seems to be 
advantageous for 2:1 jet and square notch or two sharp corners in 3:1 elliptic jet. Thus, each 
notch shape seems to initiate the azimuthal deformations in a particular aspect-ratio jet. 

Thus, it is dear that the shape of the notch geometry has a strong influence in controlling 
the mixing characteristics in different aspect-ratio elliptic jets. 

6.2.2 Flow Visualization and Shock-Structure 

At underexpanded condition, the shock-cells formed by the expansion/compression wave struc- 
tures inside the jet core were visualized by shadowgraph photography. Pictures 47-49 (Fig. 
6.4), 51-53(Fig. 6.5), and 55-57(Fig. 6.6) show these shock-structures for underexpanded plain 
elliptic-slot jets at an equivalent Mach number, Mj=1.5, for aspect-ratios 2:1, 3:1 and 4:1, 
respectivdy. For all aspect-ratios, due to azimuthal curvature variation, the angles of oblique 
shocks and expansion fans are different in the two planes of the jet thereby generating a non- 
symmetric structure of shock-cells in the two planes. As such the flow changes direction in a 
non-symmetric pattern along the two planes[21]. The dififiision of shock cells depends upon 
how fast the mixirig region surrounding the cellular pattern grows downstream of nozzle exit 
plane[4] which in turn depends upon the local radius of curvature of the two planes[122]. For 
2:1 ellipse up to 5 shock-cells are discernible in both planes, Fig. 6.4(Pics. 47-49) whereas, 
four can be seen for 3:1, Fig. 6.5(Pics. 51-53) and only three shock-cells are discernible for 
4:1 elliptic slot jet. Fig. 6.5(Pics. 55-57). This itself is an indication that the shock-strength 
increases with aspect-ratio so that lesser cells are observed for higher aspect-ratio jet relative 
to lower aspect-ratio jet. However, the shocks beyond the first cell in the minor-axis plane are 
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Figure 6.4(a): Shadowgraph picture showing the shock development pattern in the major-axis 
side of 2:1 plain elliptic slot jet; Mj=1.5 



Figure 6.4(b): Shadowgraph picture showing the shock development pattern in the minor-axis 
side of 2:1 plain elliptic slot jet; Mj=1.5 
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Figure 6.5(a): Shadowgraph picture showing the shock development pattern in the major-axis 
side of 3:1 plain elhptic slot jet; Mj=1.5 



Figure 6.5(b): Shadowgraph picture showing the shock development-pattern in the minor-axis 
side of 3:1 pladn elliptic slot jet; M_,-=1.5 




Figure 6.6(a): Shadowgraph picture showing the shock development pattern in the major-axis 
side of 4:1 plain elliptic slot jet; Mj=1.5 



Figure 6.6(b): Shadowgraph picture showing the shock development pattern in the minor-axis 
side of 4:1 plain elliptic slot jet; Mj=1.5 
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obscured by turbulence relative to cells in the major-axis plane. This difference in the diffusion 
of cells in the two planes is related to the different jet modes predominant in each plane[124]. 
It has been observed by Gutmarkef a/[124] that flapping motion of jet, which is responsible for 
higher spread and subsequent faster diffusion of cells, is prevelant along the minor-axis plane 
for Mj > 1.15, while the jet motion along major-axis plane is symmetrical with lower spread. 
Further, the azimuthal deformations are higher for higher aspect-ratio jets so that the vortical 
structures diffuse faster as they are closer to the jet centreline along the minor-axis side[l]. As 
such there is a dominance of small-scale structures, relative to small aspect-ratio jets which 
results in thicker shear layers and hence, faster diffusion of cells. This fact was also observed 
in entrainment plots where small aspect-ratio jets show higher entrainment. 

Another interesting observation is that the shape of the first shock-cell changes with aspect- 
ratio. As aspect-ratio increases from 2:1 to 3:1, the angle of the oblique shocks. Fig 6.4(a)(Pic. 
47) is gradually seen to increase(with reference to upstream direction) so that for 3:1 case a 
Mach disk begins to form at the centreline region, Fig 6.5(a) (Pic. 51) which becomes more 
prominent for 4:1 ellipse. Fig. 6.6(a)(Pic. 55). The flow immediately downstream of the Mach 
disk is subsonic[129] . Since the surrounding flow in the oblique shock region remains supersonic. 
A slip line exists at the boimdary between the two concentric regions[129] as is observed in the 
major-planes of 3:1 and 4:1 jets. Fig. 6.5(a)(Pic. 51) and Fig. 6.6(a)(Pic. 55). This change is 
also observed along the minor-axis plane where the diamond shape at the end of first shock-cell 
for 2:1 jet is gradually replaced by a single shock in 4:1 jet. Figs. 6.4, 6.5 and 6.6(b) (Pics. 49, 
53, 57). In small aspect-ratio jets, the active large-scale activity which helps to have increased 
mixing makes the entrained mass to penetrate faster towards the jet axis thereby makiug the 
shocks to cross-over exhibiting a point junction at the jet axis, Fig. 6.4(a) (Pic. 47). Whereas 
for large aspect-ratios, the entrained mass through large-scale structures get diffused rather 
than getting fragmented into small vortices[l]. Therefore, the penetration of the entrained 
mass towards the jet axis is rather slower compared to small-aspect ratio jets. This process 
results in large portion of the potential core to propagate downstream unaffected. This results 
in the emergence of Mach disk structure at the end of the first cell. 

Gutmark et o/[124] in their experiments on 3:1 elliptic jets observed that with Mach disk 
formation, the noise emission characteristics undergo a reversal with minor-axis plane showing 
Ingher noise levels and noise source located near the Mach disk while no source could be located 
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on the major-axis plane. This suggests that the noise source mechanisms are greatly modified 
as the aspect-ratio is increased for a particular underexpanded condition and hence, drastically 
changes the noise characteristics in the two planes, relative to small aspect-ratio elliptic jets. 

The presence of notch further modifies the downstream shock-development process. Pics. 
63-65(Fig. 6.7), 67-69(Fig. 6.8), 71-73(Fig. 6.9) show the shadowgraph pictures for 2:1, 
3:1 and 4:1 jets with square notch placed along the minor-axis sides. Relative to t hei r plain 
cases, additional expansion and compression waves are seen to emanate from the notches. The 
interaction of these additional waves with the existing waves leads to appreciable changes in 
the shock-structure development. In the major-plane for 4:1 notch jet. Fig. 6.9(a) (Pic. 71), 
the interaction of the additional waves from the notch are observed to alter the angle of the 
oblique shock at the end of the first cell which slightly reduces the lateral extent of the Mach 
disk(Pics. 55, 71), Fig. 6.6(a) and Fig. 6.9(a). As such more cells are discernible for notch 
case indicating reduction in Mach disk strength. Similarly in the minor-axis plane of 4:1 notch 
jet, some additional waves are discernible in the first and second cell. Fig. 6.9(b) (Pic. 73) while 
no such thing is observed for 4:1 plain jet(Pic. 57). Further, different notch geometries are 
observed to cause different modifications in the shock development process in each aspect-ratio 
jet so that the noise from jets with different notch configuration will result in varying noise 
characteristics. 

Figure 6.10 shows the centerline pressure decay plots for the cases investigated at underex- 
pansion level of 2.0, i.e., Mj'=1.52. The oscillations in the data in the upstream regions are due 
to the stationary shock structure in the jet. In the supersonic regions of the flow, the measured 
pitot pressure Pt 2 corresponds to the total pressure behind the standing bow shock in front of 
the pitot probe. In a steady supersonic flow with a single normal shock ahead of the pitot tube, 
a sharp drop in Pt 2 followed by a rise signifies the presence of a stronger shock wave[18]. The 
data presented is, therefore, accurate enough to capture the overall features ; e.g, the number 
of shocks and their spacing etc.[12]. Figure 6.10(a) shows the plot for plain elliptic jets. It 
is seen from the second, third and fourth shock cells, that the shock strength and spacing for 
3:1 and 4:1 ellipse is reduced relative to 2:1 jet. Finally, the jet decay, after the end of the 
core is maximum for 4:1 jet followed by 2:1 and 3:1 cases, showing better mixing for higher 
aspect-ratio jets. 

Figure 6.10(b) shows the plot when square notch is introduced in the range of aspect-ratios 




Figure 6.7(a); Shadowgraph picture showing the shock development pattern in the unnotched/major- 
axis plane of 2:1 square notched elliptic slot jet; Mj=1.5 



Figure 6.7(b): Shadowgraph picture showing the shock development pattern in the notched/minor- 
3^ plane of 2:1 square notched elliptic slot jet; Mj=1.5 
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Figure 6.8(a): Shadowgraph picture showing the shock development pattern in the unnotched/major- 
axis plane of 3:1 square notched elliptic slot jet; M_,=1.5 



Figure 6.8 (b) : Shadowgraph picture showing the shock development pattern in the notched / minor- 
3xis plane of 3:1 square notched elliptic slot jet; Mj=1.5 



Figure 6.9(b): Shadowgraph picture showing the shock development pattern in the notched /minor- 
3-xis plane of 4:1 squaxe notched elliptic slot jet; M_;=1.5 
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Figure 6.10: Effect of aspect-ratio on the shock strength of underexpanded elliptic slot jets, 
Mj=1.5 

studied. Since all the notched jets showed similar reduction in shock strengths after the first 
cell, only the case of square notched jets is discussed here. A comparison with plain jets in Fig. 
6.10(a) clearly indicates that for first cell, the notched cases show higher shodc strength. This 
is mainly because of the pressure relieving effect of notches as pointed out by Powell[30]. As 
a result the shock strengths thereafter for all aspect-ratios are reduced relative to plain cases 
resulting in shorter core-lengths for each aspect-ratio. Relative to its plain case, 4:1 notched jet 
shows considerable reduction in shodc strength for third and fourth cells. Further, a very fast 
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decay of centreline pressure is observed for triangular notched jets indicating( Fig. not shown 
here) that the higher intensity of small-scale mixing of the triangular notch persists even at 
underexpansion. Thus, if high level of fine-scale mixing is desired close to the exit at both full 
expansion and imderexpansion, triangular notch is preferable in elliptic jets. This arrangement 
is also good for noise reductions. However, better noise reduction is attained by weaker shocks 
and so square notch should be preferred at the expense of a reduced fine-scale mixing close to 
the exit relative to the triangular notch case. 

6.2.3 Shock-cell Length and Screech Tone 

The third and fourth shock-cells have long been known to be the main source of shock-associated 
noise[50, 104, 18, 67, 33]. Also, choked jet-noise and hence, the screech frequency are primarily 
dependent on the length of these shock-cells and hence, on the strength of these shocks in the 
shock-cell system[16, 18]. Therefore, the effect of notch on the length of third and fourth shock- 
cells for the present cases was investigated. Figure 6.11 shows the variation of l^avgt^a Vs 
Mj. Here, Lavg is the average shock-cell length(up to four cell-spacings) and Lo the semi-major 
axis length of the plain case for each aspect-ratio. This respective value of Lo is also used 
for non-dimensionalising the average shock-cell length of the notched ellipse of each aspect- 
ratio and hence, is referred to as the equivalent semi-major axis length. For comparison, 
Tain’s theory[113] for 2:1, 3:1 and 4:1 elliptic jets is included. It can be seen clearly from 
Figs. 6.11(a)-(b) that for all the aspect-ratios both plain and notched elliptic jets agree fairly 
well with Tam’s theory [113] though the curves for the present case lie below it. Reduction in 
average shock-ceU length is apparent for notched cases from Figs. 6.11(a)-(b). However, for 
better comparison Fig. 6.11(c) is plotted which shows the effect of aspect-ratio on shock-ceU 
length reduction. It is seen that for Mj=1.15, plain jet shows a shorter Lavg- However, as 
the Mach number increases, Lavg for notched jets show a considerable reduction that reaches a 
maximum at Mj=1.52. The 3:1 plain jet shows approxunately same Lavg value as that of the 
notched case upto Mj=1.32 after which 3:1 notched jet starts to show a reduction. However, 
4:1 notched jet shows a considerable reduction in firom Mj=1.15 onwards upto the highest 
^ue of Mj. Also 4:1 notched jet shows a maximum reduction in Lat,p at Mj=1.32. For 2:1 
^d 3:1 notched jets, maxim um reduction is observed at Mj=1.52. 

Figure 6.12(a)-(c) shows a plots of predicted Strouhal number(fLa /Uj) of the screech 
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Figure 6.11: Average shock cell variation with Mj showing the effect of aspect-ratio 
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Figure 6.12: Strouhal number variation with My showing the effect of aspect-ratio 
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tone versus the fully expanded Mach number Mj. As the Mach number increases, the Strouhal 
number of screech decreases. This decrease is due to the increase in shock-cell spacing with 
Mach number, which causes an increase in the screech wavelength and consequently a decrease 
in screech frequency[110]. In the calculation of predicted Strouhal number, the average shock- 
oil length, Looff) was considered up to four shock cells at different underexpanded levels. This 
value of Lavg was used in the screech tone frequency formula obtained by Tam et al[95] in 
conjunction with Tam’s formula[113] for shock-cell length of elliptic jets with aspect-ratio less 
than four. In Figs. 6.12(a)-(c), Tam’s analytic solution[95] of the screech Strouhal number 
versus Mj for elliptic jets of aspect-ratios 2:1, 3:1 and 4:1, is also shown for comparison of our 
present work with Tam’s theory. The present work shows good agreement with Tam’s analytic 
solution for the aspect-ratios investigated with the points following the same trend though they 
lie a little above it. Since with increasing Mj, an increase in Strouhal number relative to other 
cases indicates decrease in shock-cell spacing[110], the plots clearly indicates that the shock-cell 
spacing decreases with increasing aspect-ratio. 

6,2.4 Aeroacoustic Characteristics 
Acoustic Spectrum Analysis 

A survey of the far-field shock-associated noise was conducted to investigate the change in 
spectral characteristics with variation in aspect-ratio of plain and notched elliptic-slot jets. 
The measurements were made only in the minor-axis/notched plane of jets. Typical fre- 
quency spectrum of the far-field signal at 6 = 150°, for plain elliptic slot jets operating at 
prffisure-ratio of 3.86 corresponding to an equivalent Mach number Mj=1.5 is shown in Fig. 
6.13{a)-(c). This pressure-ratio corresponds to the maximum screech soxmd radiation[67]. The 
®J5scissa is the frequency in kHz and the ordinate is the sound power in decibels(dB). Fur- 
ther, the measurements were made only in the notched plane. From the frequency spectnun 
of each aspect-ratio jet, a principal discrete frequency peak referred to as screech is discern- 
ible. However, the amplitude of this fimdamental screech is observed to vary with aspect-ratio. 

mi 

^>ectrum of 2:1 jet shows a peak in the fundamental screech frequency which increases 
®®oificantly for 3:1 and 4:1 plain elliptic jets. This may be due to the emergence of Mach 
3:1 and 4:1 jets as seen in shadowgraph photographs (Pics. 47, 51, 55) which drastically 
‘iaoges the noise field along minor-axis plane[124] relative to small aspect-ratio jet. For 4:1 jet. 
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Figure 6.14: Far field spectral characteristics for triangular notched elliptic slot jets at 
^=1-5; (a) 2:1 (b) 3:1 (c) 4:1 
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second(23.5kHz;) and third(35kHz) harmonics of the screech frequency are also observed, Fig. 
6.13(c). 

Further, the jet mixing noise, which dominates the low frequency content of total jet noise, 
is seen to decrease with increase in aspect-ratio. This may be due to the fact that the miy in g 
noise generation process is closely linked to the characteristics of large-scale instability waves 
ofthe jet[118]. The increase in aspect-ratio, therefore, seems to change the instability process 
that results in reduced far-field noise in the minor-axis sides of these jets. Further, since the 
broadband shock-associated noise is generated by the interaction of these instability waves in 
tile shear layer of the jet and the shock-cell structure[118, 32, 33, 95], a change in the instability 
process with aspect-ratio suggests corresponding changes in the far-field radiation of shock- 
associated noise. A slight decrease in the high-frequency jet noise in the near vicinity of the 
fundamental screech tone is also observed with increase in aspect-ratio. 

The spectral characteristics of each aspect-ratio jet with triangular notch presence are il- 
lustrated in Figs. 6.14 (a)-(c). It is observed that the notch presence drastically reduces the 
amplitude of the fundamental screech frequency for each aspect-ratio, relative to their plain 
cases. Fig. 6.13. The 2:1 jet shows a 5dB reduction in amplitude of fundamental compon- 
ent followed by 3:1 case with 15 dB and finally, 4:1 jet with 19 dB reduction. This may be 
due to modifications in the downstream shock-structure development as observed from the 
shadowgraph pictures of notched jets(Pics. 63, 67, 71) which weakens the shock-strength. 

The differences observed in the spectral characteristics of plain and notched jets with aspect- 
ratio suggests that the presence of notch alters the acoustic emission characteristics in each 
of these jets. Since the instability process seems to vary with aspect-ratio, the same notch 
configuration in different aspect-ratios(which also alters the downstream shock development) 
seems to weaken the feedback process, thereby drastically reducing the screech amplitudes. 

Overall Soimd Pressure Results 

It has been observed that the variations related to azimuthal curvature of exit geometry changes 
tlffi behaviour at different regions around its circumference and hence, affects the flow in- 
stability diaracteristics[122, 76] along different planes. FurthK, the variation in shear layer 
tiackness along the circumference effects the downstream shock development[4] and eventually 

jet jMise dxaracteristics{122, 4, 16, 2]. Since aspect-ratio variation drastically changes the 
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Figure 6.15: Overall sound pressure level variation ■with. Mj showing the effect of aspect ratio 


for plain elliptic slot jets 

focal radius of curvatiire of elliptic jets along major and minor-axis planes, difference in noise 
chsracteristics with aspect-ratio in the two planes are expected. 

Figures 6.15(a)-(d) iUustrate the fax-field noise characteristics of underexpanded plain 
riliptio-slot jets with variation in aspect-ratio for two observKT angles, 5 — 90 , 150® to up- 
stream jet axis to study the jet mixing and broadband noise characteristics. At d in 

both the planes, 2:1 jet shows higher mixing noise levels rdative to 3:1 and 4:1 jets as was also 
<^»erved in spectral plots. In the minor-axis plane. Fig. 6-15{a), both 3:1 and 4.1 jets show 
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fluctuating OASPL values up to Mj=1.7 after which they show a clear trend. At Mj=2.0, 
rdative to 2:1 case, 3:1 and 4:1 jets show 3.5 dB to 5dB reduction in jet mixing noise along 
piitinr and major-axis planes, respectively. 

The possible cause for this change in mixing noise levels may be that as aspect-ratio is 
increased, the azimuthal deformations along major-axis increase which cause the vortical struc- 
tures to dififtise faster as these structures are close to the jet centreline along the minor-axis 
side[l]. This suggests that in higher aspect-ratio jets, the shear layers are thicker near the nozzle 
exit, relative to small aspect-ratio jets due to dominance of small-scale activity and hence, such 
jets show reduced mixing noise levels. This fact was also observed from shadowgraph pictures 
where lesser number of shocks axe discernible as aspect-ratio is increased suggesting thicker 
shear layers in high aspect-ratio jets. 

For observer angle, d = 150", however, some different trends are observed. Figs 6.15(c)-(d). 
In both the planes, all aspect-ratio jets show approximately same broadband shock-noise levels 
though the intensity is slightly higher in major-axis plane relative to that along minor-axis 
plane. 

The presence of notch significantly affects the fax-field noise characteristics of each aspect- 
ratio jet. Figures. 6.16(a)-(d) show the case of triangular notch jets. At 6 = 90", relative to 
plain jets, Figs. 6.15(a)-(d), notch jets show significant reductions in OASPL for the range of 
Mj from 1.2 to 1.8 in both planes indicating reduced mixing noise levels relative to plain jets. 
The m i x ing noise intensity gap between 2:1 and 4:1 further widens to 5.5 dB in the minor-axis 
planes. At ^ = 150", some significant change in the broadband shock-noise intensity of the jets 
in notch/minor-axis planes axe observed relative to plain jets. Figs. 6.12(c)-(d), 6.13(c)-{d), 
iu the entire range of Mach number. At Mj:=2.0, as much as 5-7 dB reduction in shock-noise 
IS discernible. However, the presence of notch in the sninor-axis plane has only a marginal 
effect on the noise radiated along the major-axis plane showing only a small reduction of 1 dB, 
relative to plain cases. Further, the difference in shock-noise intensity in the notch jets between 
tte two planes drifts apart by 9 dB at Mj=2.0 relative to 4 dB change in plain jets. However, 
11 k effect of aspect-ratio is observed to be negligible with different aspect-ratio jets showing 
same noise levels. 

The results sug^t that changing die aspect-ratio frean 2:1 to 4:1 significantiy alt«s iiie 
’““mg and broadband noise dhaxactaistics. The presence of notdi in each aspect-ratio, 
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Figure 6.16: Overall sound pressure level variation with. showing the effect of aspect-ratio 
for triangular notched elliptic slot jets 

alters the mixing and shock-associated noise characteristics relative to plain jets. The 
additional expansion and compression waves from the notches, as observed from 

shadowgraph pictures in the preceding section, seem to alter and weaken the downstream slmck 
^^^^^sl(q>inent and hence, the acoustic diaracteristics significantly. 
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Figure 6.17: Effect of aspect-ratio on the azimuthal directivity for plain elliptic slot jets 


Azimuthal Directivity 

/ 

The azimuthal variation of the far-field OASPL for plain elliptic jets at Mj=1.0 and 1.5 are 
shown in Figs. 6.17(a)-(b) with the naicrophone positioned at 0 = 90°, X/De=0.0. At full 
e3q)ansion, Fig. 6.17(a), all the aspect-ratios show same noise level with no preferred direc- 
tion. However, at underexpansion, some peculiar results are obtained. Fig. 6.17(b). Drastic 
variation in noise radiated from major and minor-axis planes is discernible with aspect-ratio. 
The 2:1 elliptic jet shows significant reduction in shock-noise levels in the minor-axis plane 
relative to major-axis plane. However, 3:1 and 4:1 jets show a reversal in noise trend in the two 
planes. The 3:1 jet shows higher shock-noise level in minor-axis plane relative to its major-axis 
plane. The noise intensity in the minor-axis plane further increases for 4:1 case while along 
the major-axis plane the shock-noise levels for 4:1 jet falls below that of 3:1 jet. As much as 
4dB increase in radiated noise for 3:1 jet along the minor-axis plane relative to major plane is 
ot®erved whereas, this difference in the radiated shock-noise in the two plan^ goes up to 10 dB 
for 4:1 jet. This reversal in noise trends in the two planes with increase in aspect-ratio may 
be due to dhan^ in shock-structure development as observed from shadowgraph pictures(Pics. 
47, 51, 55). The 2:1 jet showed an oblique shock interaction at Hie end of the first cell while in 
3:1 jet the oblique sho<lc interaction is replaced by the emergence of a Mach disk which becomes 
prominent for 4:1 case. The very presence of Madi disk is the main cause of increase in 
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Figure 6.18: Effect of aspect-ratio on the azinauthal directivity for triangular notched elliptic 
slot jets 


shock-noise intensity in the minor-axis plane of 3:1 and 4:1 jets since across the Mach disk 
higher pressure variations are encountered. However, along the major-axis plane the extent of 
Mach disk is reduced due to the lesser width of minor-axis side. This fact may be responsible for 
the significant reduction in noise intensity in the major-axis plane of 3:1(3.5 dB) and 4:l(4dB) 
jets relative to 2:1 elliptic jet. 

Such a reversal in radiated noise from the two planes of 3:1 elliptic jet has also been 
observed by Gutmark ef a/[124] with Mach disk formation relative to the case with oblique 
shock interaction(absence of Mach disk). He further observed that, with the presence Mach 
disk a strong noise source could be located near the Mach disk along minor-axis plane while no 
source could be located on the major-axis plane. This suggests Hiat the noise source mechanisms 
are greatly modified with Mach disk formation and hence, axe responsible for tlie reversal 
hi radiated noise along the two planes as the aspect-ratio is increased from small(2:l) to 
nioderate(3:l and 4:1) values. 

The presence of triangular notch in each of the aspect-ratio does not alter tiie mixing noise 
®“hssion at full expansion, Pig. 6.18(a). However, at undere:q>anded conditum liie diffiai^ce 
hi noise level between the two planes decreases. For 2:1 notched jet, the noise levels in tiie 
“^jor-axis plane is drastically brought down, by 5 dB, relative to die plain jet. For 4:1 jet, 
ptesence of notch does not alter the no^ levels in the major-plane, relative to tl^ir plain jets 
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but significantly effects the noise levels along the notch plane. As much as 7dB noise reduction 
is observed for 4:1 jet and 3.5 dB for 3:1 jet. Some similar reductions in sound intensity are 
observed for other notch configurations. For 3:1 jet, square and triangular notches seem to 
be the best for noise reduction in minor plane(3.5 dB) and semi-circular notch for 4:1 jet with 
10 dB reduction. 

Thus, it is clear from the azimuthal directivity plots that instability characteristics vary sig- 
nificantly along the two planes with aspect-ratio. In addition, the shock shear layer interaction 
along the circumference and hence, the noise emission characteristics vary with aspect-ratio. 
The notch presence, further, alters the acoustic-source mechanism of these jets. However, for 
small aspect-ratio jets, presence of notch significantly affects the noise intensity in the both 
minor and major axis planes whereas for moderate aspect-ratio jets, notch presence effects only 
the acoustic emission characteristics of the plane in which they are made. This may be due 
to the greater distance between the minor and major axis end which prevents the disturbance 
introduced in one plane from significantly altering the noise diaracteristics of other plane. 

Radial Directivity in the Aft Quadrant 

Prom the preceding discussion it is clear that the noise radiation mechanisms are greatly altered 
with aspect-ratio. This change is observed in spectral analysis, azimuthal directivity and 
OASPL study with microphones positioned at two polar angles, 9 — 90° and 150°. The 
present section discusses the effect of aspect-ratio on angular directivity of radiated noise in 
die aft quadrant for both plain and notch elliptic-slot jets. 

The effect of aspect-ratio on the radial directivity of plain dliptic jets at full expansion in 
boih planes is illustrated in Figs. 6.19(a)-(b). All the aspect-ratio jets show approximately 
shnilar mixing noise levels. As these jets are operated at rmderexpanded condition, Mj=1.5, 
significant changes in mixing an^j shock-noise levels become apparent. In minor-axis plane, Fig. 
6.20(a), 2:1 elliptic jet shows minimum noise levels whidi increase sigmficantly with aspect- 
^stio. This is because of the emergence of Mach disk in hi^er aspect-ratio jets, the strength 
of which increases with increase in aspect-ratio. However, in major-axis plane, 2:1 jet simws 
shock-noise with 3:1 and 4:1 showing significantly lower noise levels, Fig. 6.20(b) while 
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Figure 6.19: Effect of aspect-ratio on the radial directivity of plain elliptic slot jets, Mj=l,0 

the shock noise intensity is observed to be the same for each aspect-ratio at ff > 130^, 

Figures 6.21(a)-(b) show the radial directivity plots for different aspect-ratio jets with tri- 
^^^igular notch, at full expansion. In both the planes, 2:1 jet shows the highest mixing noise 
levels followed by 3:1 and 4:1 which has the minimum . At underexpansion, this trend in noise 
levels gets reversed. In the minor-axis plane, Fig. 6.22(a), 4:1 jet shows the highest shock 
noise levels followed by 3:1 and 2:1 jets. Relative to their r^pective plain jets, it is discernible 
4:1 notch jet shows significant noise reduction in the aft quadrant followed by 3:1 case. 
At ff sz QQo ^ shows about 6 dB reduction. At 0 = 160^, 4:1 notch jet shows 6 dB re- 

duction followed by 3:1 with 3.5 dB and 2:1 with 5dB. However, in the major-axis plane, the 























rffAPTER 6. EFFECT OF ASPECT-RATIO 


177 


shock-noise levels do not show significant changes except for 2:1 jet which shows a 4dB reduc- 
tion at ^ = 90®. At 0 = 160®, all jets show approximately 2dB reduction. Further, if the effect 
of notch configuration is analysed, it is seen that at full expansion, in both planes, triangular 
notch shows the highest noise followed by square and semi-circular case. Semi-circular notch 
SPPms to be the best for 4:1 jet and square and triangular for 3:1 elliptic jet (Figs, not shown). 

Thus, with aspect-ratio increase, shock shear-layer interaction process undergoes drastic 
changes along the minor-axis planes while only slight changes occur along the major-axis plane. 
Further, notch presence effects shock-noise levels both in major and min or-axis planes signi- 
ficantly. However, drastic reduction in noise are observed for 3:1 and 4:1 jets in minor plane 
while the notches only slightly effect the noise characteristics along major-axis plane. This 
clearly indicates that as the distance between the minor and major-axis ends increases with 
aspect-ratio, any disturbance introduced due to the presence of notch along the minor-axis 
plane is unable to alter the noise characteristics of major plane while this is not so for small 
aspect-ratio elliptic jets. 

In summary, therefore, it appears that the sound intensity of both turbulent mixing and 
shock-associated noise is strongly dependent on aspect-ratio. Further, aspect-ratio seems to 
be a parameter strongly governing the initial conditions, azimuthal deformations, shear-layer 
development, downstream shock development and hence, alters the noise producing mec han ism. 
In other words, the noise field from elliptic jets is characterised by four parameters, (i) pressure 
ratio (ii) observer angle, $ (iii) aspect-ratio of slot geometry, and (iv) slot perimeter governed 
by its configuration. 

6-3 Conclusions 

The effect of aspect-ratio on the mixing and noise characteristics of elliptic-slot free jets has 
been investigated. Further, a passive control of achieving near-field mix i ng enhancement and 
noise reduction in sTna.ll to moderate aspect-ratio slot jete has been demonstrated. 

Following conclusions can be made from the above discussions: 


• The entrainment is observed to decrease with increase in aspect-ratio for plain elliptic slot 
jets. This may be due to the fact that that as the aspect-rado increases, the asimu&al 
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deformations take longer to evolve in the streamwise direction and by the time they 
become appreciable, the vorticity has already difFused[106, 5]. The entrained fluid induced 
by these difiused vortices would be much less and hence, a large mass entrainment was 
not observed[l] relative to 2:1 elliptic jet. 

• In small-aspect ratio jets, the use of sharp cornered notch geometries seem to be beneficial 
to the jet mixing characteristics. 

• In relatively higher aspect-ratio jets, i.e., 4:1, it is observed that restricting the roll up 
uniform vortices in the notched plane by use of sharp cornered notch does not help the 
jet mixing. Rather, a notch with absence of sharp corner, i.e., a semi-circular notch, 
seems to be favourable for 4:1 jet in engulfing greater ambient mass and hence, better 
bulk mixing relative to other notched 4:1 jets. 

• The shock-strength increases with aspect-ratio so that lesser cells are observed for higher 
aspect-ratio jet relative to lower aspect-ratio jet. However, the shocks beyond the first 
cell in the minor-axis plane are obscured by turbulence relative to cells in the major-axis 
plane. This difference in the diffusion of cells in the two planes is related to the different 
jet modes predominant in each plane. As aspect-ratio increases from 2:1 to 3:1, the angle 
of the oblique shocks is seen to increase gradually(with reference to upstream direction) 
so that for 3:1 case a Mach disk begins to form at the centreline region which becomes 
more prominent for 4:1 ellipse. 

• The interaction of the additional waves, emanating from the notches, with the existing 
waves leads to appreciable changes in the shock-structure development. In the major- 
plane for 4:1 notch jet these additional waves are observed to alter the angle of the 
oblique shock at the end of the first cell which slightly reduces the lateral extmit of the 
Mach disk. As such more cells are discranible for notched case indicating reduction in 
Mach disk strength. Further, different notch geometric are observed to modify the shock 
development process in each aspect-ratio jet differmitly. 

• For all the aspect-ratios inv^tigated, both plain and notched dhptic jets agree fairly wdl 
with Tam’s theory[113] thou^ the curves for the present case lie bekw it. RediKtion in 
average shock-cell length is apparaut for notched cases. 
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• The present results of predicted Strouhal number show good agreement with Tain’s ana- 
l 3 rtic solution for all aspect-ratios with the points following the same trend though they 
lie a little above it. Since with increasing Mj, an increase in Strouhal number relative 
to other cases indicates decrease in shock-cell spacmg[110], the plots clearly indicate that 
the shock-cell spacing decreases with increasing aspect-ratio. 

• The amplitude of the fundamental screech frequency is observed to increase with increase 
in aspect-ratio of plain jets. This may be due to the emergence of Mach disk in 3:1 and 
4:1 jets, as seen in shadowgraph photographs which drastically changes the noise field 
along minor-axis plane[124] relative to small aspect-ratio jet. A slight decrease in the 
high-frequency content of jet noise in the near vicinity of the fundamental screech tone 
is also observed with increase in aspect-ratio. 

• The notch presence drastically reduces the screech amplitude in each aspect-ratio jet. 
This reduction increases with increase of aspect-ratio. The differences observed in the 
spectral characteristics of plain and notched jets with aspect-ratio suggests that the pres- 
ence of notch alters the acoustic emission characteristics in each of these jets. Since the 
instability process seems to vary with aspect-ratio, the same notch configuration in differ- 
ent aspect-ratios (which also alters the downstream shock development) seems to weaken 
the feedback process, thereby drastically reducing the screech amplitudes. 

• At 0=90°, 2:1 plain jet shows higher mixing noise levels than 3:1 and 4:1 jets. The notch 
fiirther brings down the mixing noise levels in each aspect-ratio. 

• At 0 = 150°, all aspect-ratio plain jets show approximately same broadband shock noise 
levels though the intensity is higher along major-axis plane. The notch presence further 
reduces the shock noise radiated alor^ the minor-axis plane. 

• Effect of aspect-ratio has a great dependence on azimuthal directivity of noise. The 
2:1 elliptic jet shows significant reduction in shock-noise levels in tiw minor-axis plane 
relative to major-axis plane. However, 3:1 and 4:1 jets show a reverse in noise trend in 
the two planes. The 3:1 jet shows higher shock-noise level in minor-axis plane relative 
to its major-axis plane. The noise intensity in the minor-axis plane fiiriiMir increases Bar 
4:1 case while along the major-axis plane the shock-noise levels fiir 4:1 jet falls bdow 
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that for 3:1 jet. This reversal in noise radiation with aspect-ratio may be due to the 
change in shock-structure development. The 2:1 jet showed an oblique shock interaction 
at the end of the first cell while in the 3:1 jet the oblique shock interaction is replaced 
by the emergence of a Mach disk which becomes more prominent for 4:1 case. The very 
presence of Mach disk is the main cause for the increase in shock-noise intensity along 
the minor-axis plane of 3:1 and 4:1 plain jets. 

• Presence of notch alters the azimuthal emission characteristics of these jets. For small 
aspect-ratio jets, presence of notch significantly affects the noise intensity in the both 
planes whereas for moderate aspect-ratio jets, presence of notch effects only the acous- 
tic emission characteristics of the plane in which they axe made. This may be due to 
the greater distance between the minor and major end which prevents the disturbance 
introduced in one plane to significantly alter the noise characteristics of other plane. 

• Aspect-ratio shows a radial dependence of noise radiation. The 2:1 plain elliptic jet shows 
minimum noise level which increases significantly with increase in aspect-ratio. 

• Aspect-ratio is a parameter strongly governing the initial conditions, azimuthal deform- 
ations, shear-layer development, downstream shock development and hence, alters the 
noise producing mechanism. In other words, the noise field from elliptic jets is character- 
ised by four parameters, (i) pressure ratio (ii) observer angle, 9 (iii) aspect-ratio of slot 
geometry, and (iv) slot perimeter governed by its configuration. 

• Semi-circular notch seems to be the best for 4:1 jet and square and triangular for 3:1 


case. 



Chapter 7 

Summary 


High speed jets, both sonic axid underexpanded, issuing from circulaj and elliptic slot geomet- 
ries with exit modifications exhibit a wide range of flow characteristics in preference to their 
plain geometries. Mean flow properties such as entrainment, jet spread and jet decay can 
be controlled to result in enhanced mixing. The near field shock cell structure development 
in underexpanded jets can be weakened, thereby alleviating the shock associated noise. The 
characteristics of the observed flows issuing from modified exit geometries can be summarised 
as follows: 

• Circular Slot Jets: The circular slot jet development is strongly dependent upon any 
discontinuity introduced in the form of notches in the slot periphery. These exit geo- 
metry modifications in an otherwise circular slot geometry introduce sli^t aspect-ratio* 
with its major-axis along the notched/modified plane. As such the modified circular slot 
grows like a jet issuing from non-circular exit geometry with higher spread in the un- 
notched/unmodified plane and slower spread in the notched/modified plane. This intro- 
duces axis-switching thereby resulting in enhanced mixing characteristics. The notch geo- 
metry, further has a strong influence on the jet development. Absence df sharp comer in 
die notch geometry is observed to enhance the Tnixing in modified circular slots. However, 
for the fer field shock noise reduction, the presenm of a corner in the notdi is found ad- 
vantageous. The pressure relieving effect and the mhanoed small scale mixing fitmx these 
notch comem diffuse llie shocks faster and, therefOTe, weai®i lie shocks in tiae core rel- 
ative to an equivalent plain circular jet. This results in significant leduchkm in scxeech 
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tone am plitude and the broadband shock associated noise. 

• Small Aspect-Ratio (2:1) Elliptic Slot Jets: Jets issuing from elliptic/non-circular 
exits spread faster along minor-axis plane and grow slowly along the major-axis plane 
in the immediate vicinity of the exit plane, resulting in axis-switching close to the exit. 
This phenomena in elliptic jets significantly enhances the mixing process when compared 
with an equivalent circular jet. Modifying the elliptic slot via notches placed along the 
minor-axis plane further improves the mean fiow characteristics like the entrainment, jet 
spread and jet decay relative to plain ellipse. However, introduction of notdies in ellipse 
exhibits a trend opposite to that introduced in circular slot jets. The modified elliptic slot 
spreads more in the notched/modified plane, in contrast to modified circular slot jets. 
This higher spread along the modified minor-axis plane relative to plain ellipse results in 
an earlier switch in axis causing the modified elliptic slot jet to bring more of ambient fiuid 
towards the jet centreline. The notch geometry, further influences the jet characteristics. 
For elliptic jets, sharp comer in the notch significantly improves the mixing process. This 
is, once again, in contrast to the observed behaviour of the modified circular slots. For 
underexpanded cases, modified elliptic slots exhibit significantly weakened shocks relative 
to the plain circle and ellipse. The faster diffusion of shock cells beyond the third cell 
is suggestive of decreased screech tone amplitudes. The weakened shocks in modified 
ellipse result in significant reductions in the screech tone amplitudes and broadband 
shock associated noise. Though the shock noise levels along minor plane axe affected 
only slightly by the notch presence of notch, noise radiated along the major plane of 
modified ellipse is affected si g nificantly. 

• Effect of Aspect-Ratio for Elliptic Slot Jets: Aspect-ratio is a strong parameter 
that governs the deformation of the elliptic vortex and hence, significantly affects the 
mixing process. The aTiimutbal drformations are faster in large aspect-ratio jets due to 
which the vortical structures diffiise faster and hence, there is a do mina n c e of small-scale 
activity. The small-aspect ratio(2:l) jet has hi^irar large-scale activity and haice, entrains 
more. Notch introduction mihances the mixing in each aspect-ratio investigated. Notdi 
geometry, further has an influence on tiie developioent of tiie jet 6om each aspect-ratio. 
Triangular notch seems to be favourable for 2:1, square notch for 3:1 and semi-circsilar 
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notch for 4:1. It appears that as the aspect-ratio is increased, the absence of corner in 
the notch is favourable in engulfing greater ambient mass resulting in higher bulk mixing. 
The vortical structures being close to the jet centreline, sharp cornered notches do not 
help in enhancing the mixing. 

Higher aspect-ratio jets radiate dominant screech tone amplitudes relative to aspect- 
ratio jets. The noise radiation along the minor-axis plane increases progressively with 
aspect-ratio while along major-axis plane the noise shows a decreasing trend with aspect- 
ratio. This is observed due to the emergence of Mach disk in 3:1 and 4:1 jets. Notch 
introduction, except for 2:1 jet, significantly brings down the noise levels along minor-axis 
plane but only slightly along major-axis plane. Triangular notch seems to be the best 
for screech tone reduction while square notch seems favourable for far field broadband 
shock associated noise reduction. Thus, noise from elliptic slot jets is characterised by 
four parameters, (i) pressure ratio, (ii) observer angle, (iii) slot perimeter governed by 
notch configuration, and finally (iv) aspect-ratio of slot geometry. 

With increase in aspect-ratio, shock-shear layer interaction process undergoes drastic 
changes along minor-axis planes. 

Scope of Further Research : Though the present investigation has focused attention upon 
important aspects of the jet flow field from both circular and elliptic slots, there are many other 
aspects that need to be looked into for a complete understanding of the governing phenomena, 
fhe present results clearly point out the various factors that govern the jet flow development 
process and that relatively small changes in geometry or flow conditions can produce large, 
ieemingly unpredictable variations in miYi-ng and noise characteristics. Further investigations 
ire required to gain insight into the detailed characteristics of these flows. Some of the other 
Bpects which can be explored further are as listed below: 

• In case of circular slot jets, effect of other notch configurations such as semi-elhptic and 
semi-rectangular, both with, their minor or major-axis perpendicular to die jet axis need 
to be investigated. 

• The same notch configurations can also be investigated in conical nozdes where they 
will be introduced in the form of grooves. Further, variation in groove Imagth can yield 
interesting results. Detailed acoustic study can also be carried out. 
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• In sharp edged circular conical nozzles, literature indicates study on notches with trian- 
gular configuration[8]. Variation in notch geometry can be investigated in these set of 
nozzles to identify the best configuration for both mixing and noise reduction. Further, 
aeroacoustic studies on these nozzles will help complete the study. 

• The study may also be extended to supersonic jets issuing from convergent-divergent(C- 
D) nozzles. 

• In the case of elliptic slot jets, since triangular notches seem to have a greater influence 
in improving naixing in modified ellipse, the angle of the vertex in triangular notch can 
be varied to study the optimum triangular notch shape. 

• Also, since entrainment in elliptic jets takes place in between the minor anH major- 
axis planes, notch location and orientation can be varied to alter the mixing and noise 
characteristics. 

• Other notch geometries such as rectangular and elliptic shapes need to be investigated in 
elliptic slot jets. 

• The present investigation on aspect-ratio is carried out only up to moderate values, i.e., 

4. Investigations can be extended to higher aspect-ratios. Since the present study reveals 
that, as aspect-ratio is increased semi-circular notch show favourable charaxiteristics, in- 
troduction of semi-elliptic and and semi-rectangular elliptic notches in aspect-ratios > 4 
needs further study. 

• And finally, to understand the physics governing the mixing proems in all the above 
cases, flow visualization studies using water flow table may be carried out to reveal the 
dynamics the vortex structures. A detailed study of the turbulence diaracteristics of the 
flow field will be helpful for a clear understanding of the mixing process. 
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Appendix 


Uncertainty Analysis 


Introduction 

The general procedure for estimating the uncertainties in the calculated quantities using meas- 
ured data is described below. The derived general expression has been employed to demon- 
strate the estimation of uncertainties associated with flow Mach number calculated using the 
measured values of total pressure and the ambient pressure. 


General procedure 

Let xi, X2, X3, ...Xi,.. be the independent parameters(variables) in the experimental measure- 
ment, and ui, U2, uz, ...it*,., be the relative uncertainties of Xi, X2, X3, ..Xi,... Let R be the 
experimental result calculated from the measured data. 

The first step in the procedure is to analyze how errors in the Xi propagate into the calcu- 
lation of R from the measured values. The quantity R can be expressed as 

Rf Ri(^xj^y X 3 , Xj, 


The effect of error in measuring individual z* on R may be estimated by analogy to derivative 
of a function. 

A variation 5xi in Xi would cause R to vary according to 


SRi = 


dxi 


5xi 


For applications, it is convenient to normalize file above equation by divi ding throughout by R 
to obtain 


SRj _ 1 ^R- Sxi 

R Rdxi Rdxi Xi 
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Equation(l) might be used to estimate the uncertainty interval in the result ii, due to variation 
in Zf To do this, substitute the uncertainty interval for Xt, namely 

Xt dR 

Uncertainty in R due to the combined effect of uncertainty intervals in x* may be obtained by 
considering 

• the random error in each variable as a range of values within the uncertainty interval 

• the fact that it is unlikely that all errors will add to the uncertainty at the same time. 

• It can be shown that the best representation for the uncertainty interval of the result is 



'{xidR 

/X2 dR 

. (XndR \2‘ 

Ur = ± 

[lijaxi-'j +' 




This equation is the general expression for estimating the uncertainties in any calculated value 
from measured data. However, this expression has to be cast in the appropriate form before 
using it to estimate the uncertainty. 


Uncertainty in Flow Mach Niunber 


In this section, a procedure to estimate the imcertainty in flow Manh number M which is 
calculated from the measured total pressure and ambient pressure is given. The steps involved 
are as follows: 

Obtain an expression for the rmcertainty in determining the Mach number of a flow from 
measurements of total pressure Pt and the ambient pressure Pa- The Mach nuniber in terms 
of Pt and Pa is 




= [say) 


DifEerentiating, we get 
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dM 

dR 


i = 

X 7Pa\Pa) 


^7 


The uncertainty in M can be obtained from 


_ , fPtdM \\fPadM y 
VM^Pt^'V '^\MdPa‘^V 


21 1/2 


MdP^^J ' VMaPa 
where ui and U 2 are the relative uncertainties of Pt and Pa. 

High fluctuations in Pitot(total) pressure were observed dining measurements in the un- 
derexpanded flow field. By repeated observations, it was estimated that the maximum possible 
error in the measurement of total pressures(corresponding to the maximum stagnation pressure 
of 2050mm(gauge) i.e Mj = 1.52) would be around 60 mm. 

Hence, the relative uncertainty in total pressure Pt is 

expected error in measured Pt 
Pt measmred 


«Pt = =Ui = ±- 

60 mm 


= ±-, 


‘2050 mm 
= ±0.03 = 3% 


(for example) 


The relative imcertainty in barometric height (ambient pressure) is 

0.5 mm 


up. =U2=± 


730 mm 


= 0.000685 


PtdM 

MdPt 


X X I'rPa \Pa) 

JL 

“ 7X2 \Pa) 


= 0.4587 


Similarly, we get 


= 0.7674 

Af dPa 'TC \P<tJ 

fr/1500\°-2»® I 2 1 

• = {[(^J 


X^ = 1.1436 

UM = ± [(0.4587 X 0.03)^ + (0.7674 X 0.000685)^] 
= ±0.0138 


1/2 


= ±1.38% 
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